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PREFACE TO THE THIRD EDITION 


O extensive changes have been made in this edition. The most 
important are in §§ 80-82, which I have rewritten in accord- 
ance with suggestions made by Mr S. Pollard. 


The earlier editions contained no satisfactory account of the 
genesis of the circular functions. I have made some attempt to 
meet this objection in §158 and Appendix III. Appendix IV is also 
an addition. 


It is curious to note how the character of the criticisms I have 
had to meet has changed. I was too meticulous and pedantic for 
my pupils of fifteen years ago: I am altogether too popular for the 
Trinity scholar of to-day. I need hardly say that I find such 
criticisms very gratifying, as the best evidence that the book has 
to some extent fulfilled the purpose with which it was written. 


Go EEE 
August 1921 


EXTRACT FROM THE PREFACE TO 
THE SECOND EDITION 


fie principal changes made in this edition are as follows. 
I have inserted in Chapter I a sketch of Dedekind’s theory 
of real numbers, and a proof of Weierstrass’s theorem concerning 
points of condensation; in Chapter IV an account of ‘limits of ~ 
indetermination’ and the ‘general principle of convergence’; in 
Chapter V a proof of the ‘ Heine-Borel Theorem’, Heine’s theorem 
concerning uniform continuity, and the fundamental theorem 
concerning implicit functions; in Chapter VI some additional 
matter concerning the integration of algebraical functions; and 
in Chapter VII a section on differentials. I have also rewritten 
in a more general form the sections which deal with the defini- 
tion of the definite integral. In order to find space for these 
insertions I have deleted a good deal of the analytical geometry 
and formal trigonometry contained in Chapters II and III of 
the first edition These changes have naturally involved a 
large number of minor alterations. 
G. Hi. EF. 
October 1914 
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EXTRACT FROM THE PREFACE TO THE 
FIRST EDITION 


\ <a book has been designed primarily for the use of first 

year students at the Universities whose abilities reach or 
approach something like what is usually described as ‘scholarship 
standard’. I hope that it may be useful to other classes of 
readers, but it is this class whose wants I have considered first. 
It is in any case a book for mathematicians: I have nowhere 
made any attempt to meet the needs of students of engineering 
or indeed any class of students whose interests are not primarily 
mathematical. 


I regard the book as being really elementary. There are 
plenty of hard examples (mainly at the ends of the chapters): to 
these I have added, wherever space permitted, an outline of the 
solution. But I have done my best to avoid the inclusion of 
anything that involves really difficult ideas. For instance, I make 
no use of the ‘principle of convergence’: uniform convergence, 
double series, infinite products, are never alluded to: and I prove 
no general theorems whatever concerning the inversion of limit- 
a and Gs In the last two 
Oxdy Oyou 
chapters I have occasion once or twice to integrate a power-series, 
but I have confined myself to the very simplest cases and given 
a special discussion in each instance. Anyone who has read this 
book will be in a position to read with profit Dr Bromwich’s 
Infinite Series, where a full and adequate discussion of all these 
points will be found. 


operations—I never even define 
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CHAPTER I 
REAL VARIABLES 


1. Rational numbers. A fraction r=p/q, where p and q 
are positive or negative integers, is called a rational number. We 
can suppose (1) that p and qg have no common factor, as if they 
have a common factor we can divide each of them by it, and 
(11) that q is positive, since 

pl-9)=(-pla (—p)\l(- )=p/¢. 
To the rational numbers thus defined we may add the ‘rational 
number 0’ obtained by taking p = 0.: 


We assume that the reader is familiar with the ordinary 
arithmetical rules for the manipulation of rational numbers. The 
examples which follow demand no knowledge beyond this. 


Examples I, 1. If7and s are rational numbers, then 7+s, 7 —s, 7s, and 
7/3 are rational numbers, unless in the last case s=0 (when 7/s is of course 
meaningless). 


2. If x, m, and m are positive rational numbers, and m> 2, then 
A(m?—n*), 2Amn, and dr (m?+n?) are positive rational numbers. Hence show 
how to determine any number of right-angled triangles the lengths of all of 
whose sides are rational. 


3. Any terminated decimal represents a rational number whose denomi- 
nator contains no factors other than 2 or 5. Conversely; any such rational 
number can be expressed, and in one way only, as a terminated decimal. 


[The general theory of decimals will be considered in Ch. IV.] 


4, ‘The positive rational numbers may be arranged in the form of a simple 
series as follows: 


(6 2 2 
ee dy b> 9) 3) Tt; 3, 3) ty O° Ie 


Show that p/q is the [4 (p+q—1)(p+q—2)+q]th term of the series. 


{In this series every rational number is repeated indefinitely. Thus 1 
occurs as +, 2, $,..... We can of course avoid this by omitting every number 


Hi. 1 


sll tI 
we ve . 
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which has already occurred in a simpler form, but then the problem of deter- 
mining the precise position of y/g becomes more complicated.] 


2. The representation of rational numbers by points 
on a line. It is convenient, in many branches of mathematical 
analysis, to make a good deal of use of geometrical illustrations. 


The use of geometrical illustrations in this way does not, of 
course, imply that analysis has any sort of dependence upon 
geometry: they are illustrations and nothing more, and are em- 
ployed merely for the sake of clearness of exposition. This being 
so, 1t is not necessary that we should attempt any logical analysis 
of the ordinary notions of elementary geometry; we may be content 
to suppose, however far it may be from the truth, that we know 
what they mean. 


Assuming, then, that we know what is meant by a strazght 
line, a segment of a line, and the length of a segment, let us take 
a straight line A, produced indefinitely in both directions, and a 
segment A,A, of any length. We call A, the origin, or the point 
0, and A, the point 1, and we regard these points as representing 
the numbers 0 and 1. 


In order to obtain a point which shall represent a positive 
rational number r= p/g, we choose the point A, such that 


A,A,/A,A, =r, 
A,A, being a stretch of the line extending in the same direction 
along the line as A,A,, a direction which we shall suppose to be 


from left to right when, as in Fig. 1, the line is drawn horizontally 
across the paper. In order to obtain a point to represent a 


ss Ans ih oe A, 
Fig. 1. 
negative rational number 7 =—s, it is natural to regard length as 


a magnitude capable of sign, positive if the length is measured in 
one direction (that of A,A,), and negative if measured in the 
other, so that AB=— BA; and to take as the point representing 
r the point A_, such that 


A, A_g=— A_gAy = — Av As. 
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We thus obtain a point A, on the line corresponding to every 
rational value of 7, positive or negative, and such that 


A=. Anas: 


and if, as is natural, we take A,A, as our unit of length, and write 
A, A, = 1, then we have : 
Agi. =T, 


We shall call the points A, the rational points of the line. 


3. Irrational numbers. If the reader will mark off on the 
line all the points corresponding to the rational numbers whose 
denominators are 1, 2, 3,... in succession, he will readily convince 
himself that he can cover the line with rational points as closely 
as he likes. We can state this more precisely as follows: af we 
take any segment BC on A, we can find as many rational points as 
we please on BU. 


Suppose, for example, that BC falls within the segment A, Az. 
It is evident that if we choose a positive integer k so that 


Bee SM, ... cn: oe (1),* 


and divide A,A, into k equal parts, then at least one of the points 
of division (say P) must fall inside BC, without coinciding with 
either B or C. For if this were not so, BC would be entirely 
included in one of the & parts into which A,A, has been divided, . 
which contradicts the supposition (1). But P obviously corre- 
sponds to a rational number whose denominator is k. ‘Thus at 
least one rational point P lies between B and C. But then we 
can find another such point @ between B and P, another between 
B and Q, and so on indefinitely; ae. as we asserted above, we can 
find as many as we please. We may express this by saying that 
BC includes infinitely many rational points. 

The meaning of such phrases as ‘infinitely many’ or San infinity of’, in 
such sentences as ‘BC ineludes infinitely many rational points’ or ‘there are 
an infinity of rational points on LBC’ or ‘there are an infinity of positive 
integers’, will be considered more closely in Ch. IV. The assertion ‘there are 
an infinity of positive integers’ means ‘given any positive integer n, however 
large, we can find more than n positive integers’, This is plainly true 


* The assumption that this is possible is equivalent to the assumption of what 
is known as the Axiom of Archimedes. 


1—2 
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whatever 2 may be, e.g. for n=100,000 or 100,000,000. The assertion means 
exactly the same as ‘we can find as many positive integers as we please’. 


The reader will easily convince himself of the truth of the following 
assertion, which is substantially equivalent to what was proved in the second 
paragraph of this section: given any rational number 7, and any positive 
integer m, we can find another rational number lying on either side of 7 and 
differing from 7 by less than 1/z. It is merely to express this differently to 
say that we can find a rational number lying on either side of r and differing 
, from r by as litile as we please. Again, given any two rational numbers 
7 and s, we can interpolate between them a chain of rational numbers in 
which any two consecutive terms differ by as little as we please, that is to 
say by less than 1/n, where v is any positive integer assigned beforehand. 


From these considerations the reader might be tempted to 
infer that an adequate view of the nature of the line could be 
obtained by imagining it to be formed simply by the rational 
points which lie on it. And it is certainly the case that if we 
imagine the line to be made up solely of the rational points, 
and all other points (af there are any such) to be eliminated, 
the figure which remained would possess most of the properties 
which common sense attributes to the straight line, and would, 
to put the matter roughly, look and behave very much like 
a line. 


A little further consideration, however, shows that this view 
would involve us in serious difficulties. 


Let us look at the matter for a moment with the eye of 
common sense, and consider some of the properties which we may 
reasonably expect a straight line to possess if it is to satisfy the 
idea which we have formed of it in elementary geometry. 


The straight line must be composed of points, and any segment: 
of it by all the points which lie between its end points. With 
any such segment must be associated a certain entity called its 
length, which must be a quantity capable of numerical measure- 
ment in terms of any standard or unit length, and these lengths. 
must be capable of combination with one another, according to. 
the ordinary rules of algebra, by means of addition or multipli- 
cation, Again, it must be possible to construct a line whose 
length is the sum or product of any two given lengths. If the 
length PQ, along a given line, is a, and the length QR, along 
the same straight line, is 6, the length Ph must be a+b. 
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Moreover, if the lengths OP, OQ, along one straight line, are 
1 and a, and the length OR along another straight line is 8, 
and if we determine the length OS by Euclid’s construction (Hue. 
vi. 12) for a fourth proportional to the lmes OP, OQ, OR, this 
length must be ab, the algebraical fourth proportional to 1, a, b. 
And it is hardly necessary to remark that the sums and products 
thus defined must obey the ordinary ‘ laws of.algebra’; viz. 


« at+b=b+a, at+(b+c)=(at+b) +e, 

ab=ba, a(bc)=(ab)c, a(b+c)=ab+ace. 
The lengths of our lines must also obey a number of obvious 
laws concerning inequalities as well as equalities: thus if 
A, B, Care three points lying along A from left to right, we must 
have AB< AC, and so on. Moreover it must be possible, on our 
fundamental line A, to find a point P such that A,P is equal to 
any segment whatever taken along A or along any other straight 
line. All these properties of a line, and more, are involved in the 
presuppositions of our elementary geometry. 


Now it is very easy to see that the idea of a straight line as 
composed of a series of points, each corresponding to a rational 
number, cannot possibly satisfy all these requirements. There are 
various elementary geometrical constructions, for example, which 
purport to cqnstruct a length x such that a?=2. For instance, we 


B , a 2 a 1 
Fig. 2. 

may construct an isosceles right-angled triangle ABC such that 
AB=AC=1. Then if BC=a2, 2=2. Or we may determine 
the length # by means of Euclid’s construction (Euc. vi. 13) for 
a mean proportional to 1 and 2, as indicated in the figure. Our 
requirements therefore involve the existence of a length measured 
by a number 4, and a point P on A such that 


Avie x, 7 = ye 
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But it is easy to see that there is no rational number such that 
its square 1s 2. In fact we may go further and say that there 
is no rational number whose square is m/n, where m/n is any 
positive fraction in its lowest terms, unless m and n are both 
perfect. squares. 


For suppose, if possible, that 
pig = mn. 


p having no factor in common with q, and m no factor in common 
with n. Then np?= mg’. Every factor of g? must divide np’, and 
as p and q have no common | factor, every factor of g? must divide 
n. Hence n=Agq?, where > is an integer. But this involves 
m=p?: and as m and n have no common factor, \ must be unity. 
Thus m= p?, n= q®, as was to be proved. In particular it follows, 
by taking n= 1, that an integer cannot be the square of a rational 
number, unless that rational number is itself integral. 


It appears then that our requirements involve the existence of 
a number # and a point P, not one of the rational points already 
constructed, such that A,P=a, 22=2; and (as the reader will 
remember from elementary algebra) we write 2 = 4/2. 


The following alternative proof that no rational number can have its 
" square equal to 2 is interesting. 


Suppose, if possible, that p/g is a positive fraction, in its lowest terms, 
such that (p/q)?=2 or p?=29% It is easy to see that this involves 
(2qg—p)?=2(p— q)?; and so (2g-—p)/(p—g) is ahother fraction having the 
same property. But clearly g<p<2q, and so p—q<g. Hence there is 
another fraction equal to p/g and having a smaller denominator, which 
contradicts the assumption that p/q is in its lowest Ze. 


Examples I. 1. Show that no rational number can have its cube equal 
to 2. 


2. Prove generally that a rational fraction p/q in its lowest terms cannot 
be the cube of a rational number unless p and q are both perfect cubes. 


3. A more general proposition, which is due to Gauss and includes those 
which precede as particular cases, is the following: an algebraical equation 


B+, L914 pea 2 +... + n=, 
with integral coefficients, cannot have a rational but non-integral root. 


(For suppose that the equation has a root a/b, where a and b are integers 
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without a common factor, and 6 is positive. Writing a/b for v, and multiply- 
ing by 6"~}, we obtain 
a* 


b =P a"~14 poa®-2b+... + p,_,b"-}, 


a fraction in its lowest terms equal to an integer, which is absurd. Thus d=1, 
and the root isa. It is evident that a must be a divisor of p,.] 


4, Show that if p,=1 and neither of 
1+2)+PoFPgFeee, 1—Pi+Po-—Pst... 
is zero, then the equation cannot have a rational root. 
5, Find the rational roots (ifany) of ~~ = —y 4-5 
a — 423 — 82? 4137+ 10=0. 
[The roots can only be integral, and so +7, +2, +5, +10 are the only 


possibilities : whether these are roots can be determined by trial. It is clear 
that we can in this way determine the rational roots of any such equation. ] 


4. Irrational numbers (continued). The result of our 
geometrical representation of the rational numbers is therefore to 
suggest the desirability of enlarging our conception of ‘number’ 
by the introduction of further numbers of a new kind. 


The same conclusion might have been reached without the use 
of geometrical language. One of the central problems of algebra 
is that of the solution of equations, such as 


Bmp, een? 


The first equation has the two rational roots 1 and —1. But, 
if our conception of number is to be limited to the rational 
numbers, we can only say that the second equation has no roots; 
and the same is the case with such equations as a= 2, at=7. 
These facts are plainly sufficient to make some generalisation of 
our idea of number desirable, if it should prove to be possible. 


Let us consider more closely the equation a? = 2. 


We have already seen that there is no rational number x which 
satisfies this equation. The square of any rational number is 
either less than or greater than 2. We can therefore divide the 
rational numbers into two classes, one containing the numbers 
whose squares are less than 2, and the other those whose squares | 
are greater than 2. We shall confine our attention to the positive | 
rational numbers, and we shall call these two classes the class L, or 
the lower class, or the left-hand class, and the class R, or the upper 
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class, or the right-hand class. It is obvious that every member of 
fis greater than all the members of Z. Moreover it is easy to 
convince ourselves that we can find a member of the class Z whose 
square, though less than 2, differs from 2 by as little as we please, 
and a member of R whose square, though greater than 2, also 
differs from 2 by as little as we please. In fact, if-we carry out 
the ordinary arithmetical process for the extraction of the square 
root of 2, we obtain a series of rational numbers, viz. 


1, 14, 1:41. Bey 14142, ... 
whose squares 


1, 1:96, 1988], 1999386, 1°99996164,... 


are all less than 2, but approach nearer and nearer to it; and by 
taking a sufficient number of the figures given by the process we 
can obtain as close an approximation as we want. And if we 
increase the last figure, in each of the approximations given above, 
by unity, we obtain a series of rational numbers 


2, 1:5, 142, 1415, 14049, ... 
whose squares 


4, 2°25, 2:0164, 2°002225, 2:00024449, ... 
are all greater than 2 but approximate to 2 as closely as we please. 


The reasoning which precedes, although it will probably convince the 
reader, is hardly of the precise character required by modern mathematics. 
We can supply a formal proof as follows. In the first place, we can find 
a member of Zand a member of L, differing by as little as we please. For 
we saw in § 3 that, given any two rational numbers @ and 6, we can construct 
a chain of rational numbers, of which @ and 8 are the first and last, and in 
which any two consecutive numbers differ by as little as we please. Let us 
then take a member x of Zand a member y of R, and'interpolate between 
them a chain of rational numbers of which 2 is the first and y the last, and 
in which any two consecutive numbers differ by less than 6, 6 being any 
positive rational number as small as we please, such as ‘01 or ‘0001 or 000001. 
In this chain there must bea last which belongs to Z and a first which belongs 
to R, and these two numbers differ by less than 6. 


We can now prove that an x can be found in Land a yin R such that 
2—x2 and y*—2 are as small as we please, say less than 6. Substituting }6 
for 6 in the argument which precedes, we see that we can choose # and y so 
that y-2<4}8; and we may plainly suppose that both 7 and y are less 
than 2, Thus 


yte<4, Y-w=(y—-2)(yt2)<4(y-4) <8; 
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and since 7?<2 and y?>2 it follows a fortiord that 2—.«? and y?—2 are each 
less than 6. 


It follows also that there can be no largest member of L or 
smallest member of R. For if x is any member of L, then a? < 2. 
Suppose that #2=2—6. Then we can find a member 2, of L 
such that a,? differs from 2 by less than 6, and so #,° > 2 or 4 >«. 
Thus there are larger members of Z than 2; and as @ 1s ang 
member of JZ, it follows that no member of Z can be larger than 
all the rest. Hence Z has no largest member, and similarly #& has 
no smallest. | 7 


5. Irrational numbers (continued). We have thus divided 
the positive rational numbers into two classes, / and A, such that 
(i) every member of FR is greater than every member of JL, (i1) we 
can find a member of Z and a member of R whose difference is as 
small as we please, (iii) Z has no greatest and R no least member. 
Our common-sense notion of the attributes of a straight line, the 
requirements of our elementary geometry and our elementary 
algebra, alike demand the existence of a number «x greater than all 
the members of L and less than all the members of R, and of 
a corresponding point P on A such that P divides the points which 
correspond to members of L from those which correspond to members 
oF Tt. 


L tL ELLIF®S R R R 
Ag a 


Fig. 3. 


Let us suppose for a moment that there is such a number a, 
and that it may be operated upon in accordance with the laws of 
algebra, so that, for example, 2° has a definite meaning. Then a? 
cannot be either less than or greater than 2. For suppose, for 
example, that 2? is less than 2. Then it follows from what pre- 
cedes that we can find a positive rational number & such that £? lies 
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between 2? and 2. That is to say, we can find a member of LZ 
greater than «; and this contradicts the supposition that « divides 
the members of Z from those of R. Thus a? cannot be less than 
2, and similarly it cannot be greater than 2. We are therefore 
driven to the conclusion that 2?=2, and that aw is the number 
which in algebra we denote by /2. And of course this number 
2 is not rational, for no rational number has its square equal to 
2. It is the simplest example of what is called an irrational 
number. 


But the preceding argument may be applied to equations 
other than a2?=2, almost word for word; for example to «=, 
where JV is any integer which is not a perfect square, or to 


e=3, B2=7, a= 23, 


or, as we shall see later on, to #= 30+ 8. We are thus led to 
believe in the existence of irrational numbers # and points P on 
A such that « satisfies equations such as these, even when these 
lengths cannot (as /2 can) be constructed by means of elementary 
geometrical methods. 


The reader will no doubt remember that in treatises on elementary algebra 
the root of such an equation as a7=n is denoted hy 4/n or n!/4, and that a 
meaning is attached to such symbols as 

nP |, n7~Pla 
by means of the equations 
QP (n3/2)P, nP/In- P=), 
And he will remember how, in virtue of these definitions, the ‘laws of indices’ 


such as 
nr x 8 _ ne SP " Ga = mrs 


are extended so as to cover the case in which r and s are any rational numbers 
g 
whatever. 


The reader may now follow one or other of two alternative 
courses. He may, if he pleases, be content to assume that 
‘irrational numbers’ such as /2, 4/3, ... exist and are amenable to 
the algebraical laws with which he 1s familiar*. If he does this 
he will be able to avoid the more abstract discussions of the next 
few sections, and may pass on at once to §§ 18 et seq. 


If, on the other hand, he is not disposed to adopt so naive an 


* This is the point of view which was adopted in the first edition of this book. 
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attitude, he will: be well advised to pay careful attention to the 
sections which follow, in which these questions receive fuller 
consideration *, 


Examples III. 1. Find the difference between 2 and the squares of the 


decimals given in § 4 as approximations to ./2. on 

: 

saad Ss 
2. Find the differences between 2 and the squares of va on 

Nan yu 
< .) 
9 — 5 

t, 3 $, th, 3) F6- AN ~ rt sa 


3. Show that if m/n is a good approximation to ./2, then (m+2n)/(m+n) ‘< | 
is a better one, and that the errors in the two cases are in opposite directions. 
Apply this result to continue the series of approximations in the last 
example. 


If wand y are approximations to ./2, by defect and by excess respec- = 
tively, and 2—a#7<6, 77—2<6, then y—-#<6. me 


5. The equation z?=4 is satisfied by e=2. Examine how far the argu- 
ment of the preceding sections applies to this equation (writing 4 for 2 
throughout). [If we define the classes L, & as before, they do not include ad/ 
rational numbers. The rational number 2 is an exception, since 2? is neither 
less than or greater than 4.] 


6. Irrational numbers (continued). In § 4 we discussed 
a special mode of division of the positive rational numbers x into 
two classes, such that 2?<2.for the members of one class and 
a? > 2 for those of the others. Such a mode of division is called a 
section of the numbers in question. It is plain that we could 
equally well construct a section in which the numbers of the two 
classes were characterised by the inequalities 2° < 2 and a? > 2, or 
w'<7 and «>7. Let us now attempt to state the principles 
of the construction of such ‘sections’ of the positive rational 
numbers in quite general terms. 


Suppose that P and Q stand for two properties which are 
mutually exclusive and one-of which must be possessed by every 
positive rational number. Further, suppose that every such 
number which possesses P is less than any such number which 
possesses Q. Thus P might be the property ‘a®< 2’ and @ the 
property ‘2? >2. Then we call the numbers which possess P the 
lower or left-hand class LZ and those which possess Q the upper or 


aN\ 


* In these sections I have borrowed freely from Appendix I of Bromwich’s 
Injinite Series. 


12 REAL VARIABLES [I 


right-hand class R. In general both classes will exist; but it may 
happen in special cases that one is non-existent and that every 
number belongs to the other. This would obviously, happen, for 
example, if P (or Q) were the property of being rational, or of 
being positive. For the présent, however, we shall confine 
ourselves to cases in which both classes do exist; and then it 
follows, as in § 4, that we can find a member of Z and a member 
of R whose difference is as small as we please. 


In the particular case which we considered in § 4, Z had no 
greatest member and # no least. This question. of the existence - 
of greatest or least members of the classes is of the utmost. im- 
portance. We observe first that it is impossible in any case that 
L should have a greatest member and R a least. For if 1 were 
the greatest member of L, and r the least of R, so that 1 <7, then 
4(/+ 7) would be a positive rational number lying between / and ° 
r, and so could belong neither to Z nor to R; and this contradicts 
our assumption that every such number belongs to one class or to 
the other. This being so, there are but three possibilities, which 
are mutually exclusive. Either (1) L has a greatest member J, or 
(ii) RB has a least member 7, or (iii) Z has no greatest member and 
Ff no least. 

The section of § 4 gives an example of the last possibility. An example 
of the first is obtained by taking P to be ‘a? <1’ and Q to be ‘a?>1’; 
here 7=1. If P is ‘a?<1’ and @ is ‘a? 21,’ we have an example of the 
second possibility, with 7=1. It should be observed that we do not obtain 
a section at all by taking P to be ‘2? <1’ and Q to be ‘w?>1’; for the special 
number 1 escapes classification (cf. Ex, 111.5). \o ‘| 


7. Irrational numbers (continued). In the first two cases 
we say that the section corresponds to a positive’ rational number 
a, which is J in the one case and r in the other. Conversely, it is 
clear that to any such number a corresponds a section which 
we shall denote by a*. For we might take P and Q to be the 
properties expressed by 

“Sa, “£>a 


respectively, or by x<a and «Za. In the first case a would be 
the greatest member of Z, and in the second case the least member 


* It will be convenient to denote a section, corresponding to a rational number 
denoted by an English letter, by the corresponding Greek letter. 
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of R. There are in fact just two sections corresponding to any 
positive rational number. In order to avoid ambiguity we select 

one of them ; let us select that in which the number itself belongs = 
to the upper ge In other words, let us agree that we will consider | 
only sections in which. the lower class LL. has no greatest number. $1 


There being this correspondence between the positive atonal 
numbers and the sections defined by means of them, it would be 
perfectly legitimate, for mathematical purposes, to replace the 
numbers by the sections, and to regard the symbols which occur 
in our formulae as standing for the sections instead of for the 
numbers. Thus, for example, a>a’ would mean the same as 
a >a, if a and a’ are the sections which correspond to a and a’. 


ot aR 


But when we have in this way substituted sections of rational 
numbers for the rational numbers themselves, we are almost forced 
to a generalisation of our number system. For there are sections - 
(such as that of § 4) which do not correspond to any rational 
number. The aggregate of sections 1 is a larger aggregate than that | _ 
of the positive rational numbers; it includes sections corresponding 
to all these numbers, and more es. It is this fact which we 
make the basis of our generalisation of the idea of number. We 
accordingly frame the following definitions, which will however be 
modified in the next section, and must therefore be regarded as 
temporary and provisional. 


A section of the nositive rational numbers, in which both classes 
exist and the lower class has no greatest member, is called a 
positive real number. 


A positive real number which does not correspond to a positive 
rational number is called a positive irrational number. 


8. Real numbers. We have confined ourselves so far to 
certain sections of the positive rational numbers, which we have 
agreed provisionally to call ‘positive real numbers.’ Before we 
frame our final definitions, we must alter our point of view a 
little. We shall consider sections, or divisions into two classes, 
not merely of the positive rational numbers, but of all rational 
numbers, including zero. We may then repeat all that we have 
said about sections of the positive rational numbers in § 6, 7, 
merely omitting the word positive occasionally. 
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DEFINITIONS. A section of the rational numbers, in which both 
classes exist and the lower class has no greatest member, 1s called 
a real number, or simply a number. 


A real number which does not correspond to a rational number 
is called an irrational number. 


If the real number does correspond to a rational number, we 
Shall use the term ‘rational’ as applying to the real number also. 


The term ‘rational number’ will, as a result of our definitions, be 
ambiguous; it may mean the rational number of § 1, or the corresponding 
real number, If we say that $>4, we may be asserting cither of two different 
propositions, one a proposition of elementary arithmetic, the other a proposition 
concerning sections of the rational numbers. Ambiguities of this kind are 
common in mathematics, and are perfectly harmless, since the relations 
between different propositions are exactly the same whichever interpretation 
is attached to the propositions themselves, From 4>} and }>} we can 


. infer $> 4; the inference is in no way affected by any doubt as to whether 


$, 4, and Z are arithmetical fractions or real numbers. Sometimes, of course, 
the context in which (eg.) ‘$’ occurs is sufficient to fix its interpretation. 
When we say (see § 9) that $<,/(3), we must mean by ‘4’ the real number $. 


The reader should observe, moreover, that no particular logical importance 
is to be attached to the precise form of definition of a ‘real number’ that we 
have adopted. We defined a ‘real number’ as being a section, ze. a pair of 
classes, We might equally well have defined it as being the lower, or the 
upper, class ; indeed it would be easy to define an infinity of classes of 
entities each of which would possess the properties of the class of real 
numbers, What is essential in mathematics is that its symbols should be 
capable of some interpretation; generally they are capable of many, and 
then, so far as mathematics is concerned, it does not matter which we adopt. 
Mr Bertrand Russell has said that ‘mathematics is the science in which 
we do not know what we are talking about, and do not care whether what 
we say about it is true’, a remark which is expressed in the form of a 
paradox but which in reality embodies a number of important truths. It 
would take too long to analyse the meaning of Mr Russell’s epigram in detail, 
but one at any rate of its implications is this, that the symbols of mathe- 
matics are capable of varying interpretations, and that we are in general at 
liberty to adopt whichever we prefer. 


There are now three cases to distinguish. It may happen that 
all negative rational numbers belong to the lower class and zero 
and all positive rational numbers to the upper. We describe 
this section as the real number zero. Or again it may happen 
that the lower class includes some positive numbers. Such a section 
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we describe as a positive real number. Finally it may happen 
that some negative numbers belong to the upper class. Such 
a section we describe as a negative real number*. 

The difference between our present definition of a positive real number a 
and that of § 7 amounts to the addition to the lower class of zero and all the 
negative rational numbers. An example of a negative real number is given 
by taking the property P of § 6 to be +1<0 and Q to be r+130. 
This section plainly corresponds to the negative rational number —1. If we 
took P to be ag< —2 and @ to be 2°> —2, we should obtain a negative real 
number which is not rational. 


9. Relations of magnitude between real numbers. It 
is plain that, now that we have extended our conception of 
number, we are bound to make corresponding extensions of our 
conceptions of equality, inequality, addition, multiplication, and so 
on. We have to show that these ideas can be applied to the new 
numbers, and that, when this extension of them 1s made, all the 
ordinary laws of algebra retain their validity, so that we can 
operate with real numbers in general in exactly the same way 
as with the rational numbers of § 1. To do all this systematically 
would occupy a considerable space, and we shall be content to 
indicate summarily how a more systematic discussion would 
proceed. 


We denote a real number by a Greek letter such as a, 8, ¥, ...; 
the rational numbers of its lower and upper classes by the corre- 
sponding English letters a, A; b, B; ¢, C;.... The classes them- 
selves we denote by (a), (A), «+s 


If a and § are two real numbers, there are three possibilities : 


(i) every a is a b and every A a B; in this case (a) 1s identical 
with (b) and (A) with (B); 


* There are also sections in which every number belongs to the lower or to 
the upper class. The reader may be tempted to ask why we do not regard these 
sections also as defining numbers, which we might call the real numbers positive 
and negative infinity. 

There is no logical objection to such a procedure, but it proves to be incon- 
venient in practice. The most natural definitions of addition and multiplication do 
not work in a satisfactory way. Moreover, for a beginner, the chief difficulty in the 
elements of analysis is that of learning to attach precise senses to phrases containing 
the word ‘infinity’; and experience seems to show that he is likely to be confused by 
any addition to their number. 
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(ii) every ais a b, but not all A’s are B’s; in this case (a) is 
a proper part of (6)*, and (B) a proper part of (A); 

(1) every A is a B, but not all a’s are b’s. 
‘These three cases may be indicated graphically as in Fig. 4. 


In case (1) we write a= £, in case (ii) a<, and in case 
(iii) a>. Itis clear that, when 
a and 8 are both rational, these SS; ae, 
definitions agree with the ideas of ° 
equality and inequality between = ——}-———————+_——{ii) 
rational numbers which we began 
by taking for granted; and that = ——+~——————+__ii) 
any positive number is greater Fig. 4. 
than any negative number. 


It will be convenient to define at this stage the negative —a 
ot a positive number a. If (a), (A) are the classes which consti- 
tute @, we can define another section of the rational numbers by 
putting all numbers — A in the lower class and all numbers — a 
in the upper. The real number thus defined, which is clearly 
negative, we denote by —a. Similarly we can define — a when a 
is negative or zero; if a is negative, —a@ is positive. It is plain 
also that —(—a)=a. Of the two numbers a and — a one is always 
positive (unless a=0). The one which is positive we denote by 
|a| and call the modulus of a. - 


Examples IV. 1. Prove that O= —0. 

2. Prove that B=a, B<a, or B>a according as a=B, a>8, or a<B. 

3. Ifa=f8 and B=y, then a=y. 

4. Ifa= 8, B<y, ora<B, B= y,'then acy. % 

5. Prove that -B=—-a —B<—a, or —8>~—a, according as a=, a<§8, 
or a>B. 

6. Prove that a>0 if ais positive, and a<0 if a is negative. 


€ 


7. Prove that as |al. 
8. Prove that 1</2<./3<2. 
9. 


Prove that, if a and 8 are two different real numbers, we can always 
find an infinity of rational numbers lying between a and 8. 


[All these results are immediate consequences of our definitions. ] 


* J.e. is included in but not identical with (0). 
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10. Algebraical operations with real numbers. We now 
proceed to define the meaning of the elementary algebraical opera- 
tions such as addition, as applied to real numbers in general. 


(i) Addition. In order to define the sum of two numbers 
a and 8, we consider the following two classes: (i) the class (c) 
formed by all sums ¢c=a+8, (11) the class (C) formed by all sums 
C=A+B. Plainly c< C in all cases. | 


Again, there cannot be more than one rational number which 
does not belong either to (c) or to (C). For suppose there were 
two, say 7 and s, and let s be the greater. Then both r and s 
must be greater than every ¢ and less than every C; and so C—c 
cannot be less thans—r. But 


C-c=(A—a)+(B-d); 


and we can choose a, b, A, B so that both A—a and B-—b 
are as small as we like; and this plainly contradicts our 
hypothesis. 


If every rational number belongs to (c) or to (C), the classes (c), 
(C) form a section of the rational numbers, that, 1s to say, a number 
y. If there is one which does not, we add it to(C). We have 
now a section or real number y, which must clearly be rational, 
since it corresponds to the least member of (C). Jn any case 
we call y the sum of a and B, and write 

y=at B. 
If both a and £8 are rational, they are the least members of the upper 


classes (A) and (8). In this case it is clear that a+ is the least member 
of (C), so that our definition agrees with our previous ideas of addition. 


(ii) Subtraction. We define a— 8 by the equation 
a—B=a+(— 8). 


The idea of subtraction accordingly presents no fresh difficulties. 


Examples V. 1. Prove that a+(—a)=0. 

2. Prove that at+0=0+a=a. 

3. Prove that a+8=8+a. [This follows at once from the fact that the 
classes (a+6) and (6+a), or (A+B) and (B+A4), are the same, since, ¢.9,, 
a+b6=b+a when a and Db are rational.] 

4, Prove that a+(6+y)=(a+8)+y. 

It, 2 
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5. Prove that a-—a=0. 
6. Prove that a— B= —(8—-a). 


7. From the definition of subtraction, and Exs. 4, 1, and 2 above, it 
follows that 


(a-8)+8={a+(-B)}+B=at+{((-f)+h}=at+0=a. 
We might therefore define the difference a—8=y by the equation y+8=a. 
8. Prove that a-(8-y)=a-—8+y. 
9. Give a definition of subtraction which does not depend upon a previous 
definition of addition. [To define y=a—8, form the classes (c), (C) for which 


e=a-B,C=A-6. It is easy to show that this definition is equivalent to 
that which we adopted in the text.] 


10. Prove that 
[le|-[8|| S|a+8|S|a|+| 8}. 

11. Algebraical operations with real numbers (con- 
tinued). (111) Multiplication. When we come to multiplication, 
it 1s most convenient to confine ourselves to positive numbers 
(among which we may include 0) in the first instance, and to go 
back for a moment to the sections of positive rational numbers 
only which we considered in §§ 4—7. We may then follow practi- 
cally the same road as in the case of addition, taking (c) to be (ab) 
and (C) to be (AB). The argument is the same, except when we 
are proving that all rational numbers with at most one-exception 
must belong to (c) or (C). This depends, as in the case of addi- 
tion, on showing that we can choose a, A, b, and B so that O—c is 
as small as we please. Here we use the identity 


C—c=AB-ab=(A-—a)B+a(B—D). 


Finally we include negative numbers within the scope of our 
definition by agreeing that, if a and 8 are positive, then 


(-a)B=-a8, a(—B)=-a8, (-2)(—B)=a8. 


(iv) Division. In order to define division, we begin by de- 
fining the reciprocal 1/a of a number a (other than zero). Con- 
fining ourselves in the first instance to positive numbers and 
sections of positive rational numbers, we define the reciprocal of a 
positive number a by means of the lower class (1/A) and the upper 
class (1/a). We then define the reciprocal of a negative number 
—a by the equation 1/(—a)=-—(1/a). Finally we define a/8 by 


the equation 
4/8 =a x (1/6). 
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We are then in a position to apply to all real numbers, rational 
or irrational, the whole of the ideas and methods of elementary 
algebra. Naturally we do not propose to carry out this task in 
detail. It will be more profitable and more interesting to turn 
our attention to some special, but particularly important, classes 
of irrational numbers. 


Examples VI. Prove the theorems expressed by the following 
formulae : 


1 ax0=0xa=0. 2 axl=1xa=a. 3. ax(1/a)=1. 
4, aB8=Ba. a. a(By)=(aB)y. 6. a(8+y)=a8 +ay. 
7 (a+8)y=ay+ By. 8. [a8|=|a||8|. 


12. The number ,/2. Let us now return for a moment to 
the particular irrational number which we discussed in §§ 4—5. 
We there constructed a section by means of the inequalities 
a<2,a°>2. This was a section of the positive rational numbers 
only; but we replace it (as was explained in § 8) by a section of 
all the rational numbers. We denote the section or number thus 
defined by the symbol ,/2. 


The classes by means of which the product of /2 by itself is 
defined are (i) (aa’), where a and a’ are positive rational numbers 
whose squares are less than 2, (11) (AA’), where A and A’ are 
positive rational numbers whose squares are greater than 2. These 
classes exhaust all positive rational numbers save one, which can 
only be 2 itself. Thus 


(2)? 2/2 = 2. 
(= 1/2)? = (— ¥/2) (= 9/2) = 0 21/2 = (12)? = 2. 


Thus the equation a? = 2 has the two roots 2 and —/2. Similarly 
_ we could discuss the equations 2?=3, a°=7, ... and the corre- 
sponding irrational numbers /3, — 1/3, 4/7, .... 


Again 


13. Quadratic surds. A number of the form + /a, where 
a@ is a positive rational number which is not the square of another 
rational number, is called a pure quadratic surd. A number of 
the form a +4/b, where a is rational, and /b is a pure quadratic 
surd, is sometimes called a mixed quadratic surd. 
2—2 
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The two numbers a+./b are the roots of the quadratic equation 
ue? —2axr+a?—b=0,. 


Conversely, the equation 2?+2pr+q=0, where p and q are rational, and 
p?—q>0, has as its rvots the two quadratic surds —p+,/(p?—q@). 


The only kind of irrational numbers whose existence was 
suggested by the geometrical considerations of § 3 are these 
quadratic surds, pure and mixed, and the more complicated 
irrationals which may be expressed in a form involving the 
repeated extraction of square roots, such as 


V2 + /(2 + f2) + {2 + (2 + /2)}. 


It is easy to construct geometrically a line whose length is 
equal to any number of this form, as the reader will easily see for 
himself. That irrational numbers of these kinds only can be con- 
structed by Euclidean methods (ae. by geometrical constructions 
with ruler and compasses) 1s a point the proof of which must 
be deferred for the present*. This property of quadratic surds 
makes them especially interesting. 


Examples VII. 1. Give geometrical constructions for 
M2 S(2+A/2), SM2+/(2+/2)}. 


2. The quadratic equation az?+2b%+c=0 has two real rootst if 
b?—ac>0. Suppose a, b ¢ rational. Nothing is lost by taking all three 
to be integers, for we can multiply the equation by the least common 
multiple of their denominators. 


The reader will remember that the roots are {—b+/(b?—ac)}/a. It is 
easy to construct these lengths geometrically, first constructing ./(b?— ac). 
A much more elegant, though less straightforward, construction is the 
following. 


* See Ch. II, Misc. Exs. 22. 

+ I.e. there are two values of x for which az?+2bx+c=0. If b?-ac<0 there 
are no such values of x The reader will remember that in books on elementary 
algebra the equation is said to have two ‘complex’ roots. The meaning to be 
attached to this statement will be explained in Ch. III. 

When b?=ac the equation has only one root. For the sake of uniformity 

- \ it is generally said in this case to have ‘two equal’ roots, but this is a mere 
~ ) convention. 
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Draw a circle of unit radius, a diameter PQ, and the tangents at the ends 
of the diameters. 


P 


Q’ Y Q x 
Fig. 5. 
Take PP'=—2a/b and QQ'= —c/2b, having regard to sign*. Join P’Q’, 
cutting the circle in Mand N. Draw PM and PN, cutting QQ' in X and Y. 
Then QX and QY are the roots of the equation with their proper signs t. 


The proof is simple and we leave it as an exercise to the reader. 
Another, perhaps even simpler, construction is the following. Take a line 
AB of unit length. Draw BC=—-—2b/a perpendicular to AB, and CD=c/a 
perpendicular to BC and in the same direction as BA. On AD as diameter 
describe a circle cutting BC in X and Y. Then BX and BY are the roots. 


3. If ac is positive PP’ and QQ’ will be drawn in the same direction. 
Verify that P’Q’ will not meet the circle if b?<ac, while if b?=ac it will be 
a tangent. Verify also that if b2=ac the circle in the second construction 
will touch BC. 


4, Prove that 
M(PD=N\PXVG VP") = PNG. 

14. Some theorems concerning quadratic surds. ‘T'wo 
pure quadratic surds are said to be similar if they can be ex- 
pressed as rational multiples of the same surd, and otherwise to be 
dissimilar. Thus 

V8=272, Vh= § v2, 
and so /8, /2£ are similar surds. On the other hand, if Jf and V 
are integers which have no common factor, and neither of which 
is a perfect square, /M and ./N are dissimilar surds. For suppose, 


if possible, 
_p ft 2y,/! 
y=? /t, VWN=~,/>> 


where all the letters denote integers. 


* The figure is drawn to suit the case in which b and c have the same and a 
the opposite sign. The reader should draw figures for other cases. 

+ Ihave taken this construction from Klein’s Legons sur certaines questions de 
géométrie Elémentaire (French translation by J. Griess, Paris, 1896). 


e 


7 8 
4 . 1} 1 > 
iN ALANS ~<a 
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Then /MN is evidently rational, and therefore (Ex. 1. 3) 
integral. Thus MN = P?, where P is an integer. Leta, b,c, ... 
be the prime factors of P, so that 


MN Sab? c™..., 
where a, 8, y,... are positive integers. Then JN is divisible by 
a®*, and therefore either (1) M is divisible by a*, or (2) N is 
divisible by a, or (8) Mf and NW are both divisible by a. The last 
case may be ruled out, since M and NV have no common factor. 
This argument may be applied to each of the factors a”, b%, c*7, ..., 


so that Jf must be divisible by some of these factors and V by 
the remainder. Thus 


M=P?, N= P?, 


where P,? denotes the product of some of the factors a, b*, 7’, ... 
and P,? the product of the rest. Hence Mf and N are both perfect 
squares, which is contrary to our hypothesis. 


THEOREM. Jf A, B,C, D are rational and 
A+WVB=C+¥D, 
then etther (1) A=C, B=D or (ii) B and D are both squares Cn 
rational numbers. 
For B—- D is rational, and so is 
) VB—-VD=C-A. 


If B is not equal to D (in which case it is obvious that A is also 
equal to C), it follows that 


VB +/D=(B-D)(WB-vD) 


is also rational. Hence /B and /D are rational. 


Corontary. If A+V7¥B=C4+W7D, thn A-VB=C-WV/D 
(unless /B and /D are both rational). 


Examples VIII. 1. Prove ab initio that ,/2 and ./3 are not similar 
surds. 


2. Prove that ,/a and ,/(1/a), where a is rational, are similar surds 
(unless both are rational). 


3. Ifaand bare rational, then /a+,/b cannot be rational unless ,/a and 
./b are rational. The same is true of /a—,/0, unless a=. 
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4. If JAt+/B=J/C+JD, 
then either (2) A=C and B=D, or (6) A=D and B=C, or (c) /A, JB, JC, 
JD are all rational or all similar surds. [Square the given equation and 
apply the theorem above.] 


5. Neither (a+./b)? nor (a —,/0)° can be rational unless ,/0 is rational. 


6. Prove that if s=p+./qg, where p and gq are rational, then 2”, where 
m is any integer, can be expressed in the form P+Q,/g, where P and Q 
are rational. For example, . 
(ptVgP=pitgt2plg, (pt 9) =p? + 8pg+(3p? +9) V9 
Deduce that any polynomial in # with rational coefficients (Ze. any expression 
of the form 
Apt 0,2" +... +A, 


where ap, ... @, are rational numbers) can be expressed in the form P+QJ/q. 
7. Ifa+./d, where 6 is not a perfect square, is the root of an algebraica] / 


equation with rational coefficients, then a—,/b is another root of the same | 
equation. f 


8. Express 1/(p+,/g) in the form prescribed in Ex. 6. [Multiply 
numerator and denominator by p-,/q.] 


9. Deduce from Exs. 6 and 8 that any expression of the form G (x)/H (2), 
where G@(«w) and H(«) are polynomials in x with rational coefficients, can be 
expressed in the form P+@ J/g, where P and Q are rational. 

10. If », g, and p?—g are positive, we can express /(p+./g) in the form 
J/e+/y, where 

w=} (ptl(e-D} y=dtp- Ve? - 7) 

11. Determine the conditions that it may be possible to express /(p+4/9), 
where p and q are rational, in the form /v+./y, where w and y are rational. 

12. If a?—bd is positive, the necessary and sufficient conditions that 

Jat J/b)+/(a—/b) | 
should be rational are that a?-6 and 4 {a+,/(a?—b)} should both be squares 
of rational numbers. 


15. The continuum. The aggregate of all real numbers, 
rational and irrational, is called the arithmetical continuum. 


It is convenient to suppose that the straight line A of § 2 
is composed of points corresponding to all the numbers of the 
arithmetical continuum, and of no others*. The points of the 


* This supposition is merely a hypothesis adopted (i) because it suffices for the 
purposes of our geometry and (ii) because it provides us with convenient geometrical 
illustrations of analytical processes. As we use geometrical language only for 
purposes of illustration, it is not part of our business to study the foundations 
of geometry. 
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line, the aggregate of which may be said to constitute the linear 
continuum, then supply us with a convenient image of the 
arithmetical continuum. 


We have considered in some detail the chief properties of a 
few classes of real numbers, such, for example, as rational numbers 
or quadratic surds. We add a few further examples to show how 
very special these particular classes of numbers are, and how, to 
put it roughly, they comprise only a minute fraction of the infinite 
variety of numbers which constitute the continuum. 


(i) Let us consider a more complicated surd expression such as 
2=/(4+./15)+3/(4—,/15). 
Our argument for supposing that the expression for z has a meaning might be 
as follows. We first show, as in § 12, that there is a number y=,/15 such that 


y?=15, and we can then, as in § 10, define the numbers 4+-./15, 4—,/15. 
Now consider the equation in z,, 
ae=4 + J 15. 
The right-hand side of this equation is not rational: but exactly the same 
reasoning which leads us to suppose that there is a real number 2 such that 
23 =2 (or any other rational number) also leads us to the conclusion that there 
is a number z such that 23=4+,/15, We thus define 4 =¥/(4+./15), and 
similarly we can define zo=4/(4—,/15) ; ou then, as in § 10, we wr Z= =a at 
Cw ht +g, Vda or gle *, + q 


Now it is easy to verify that . f vw %, “e 5 x, % 


B=32+8, | rAag 
et ae 
And we might have given a direct proof of the > oieverice of a unique number 
ig such that 2=32+8. It is easy to see that there cannot be two such 
numbers. For if 2,3=32,+8 and z,3=32,.+8, we find on subtracting and 
dividing by z,—2, that 2?+22+22%—3. But if z, and 2, are positive 23> 8, 
23>8 and therefore 2,>2, 2%>2, 22+2,2+4%2>12, and so the equation 
just found is impossible. And it is easy to see that neither z, nor z, can 
be negative. For if z, is negative and equal to -¢, ¢ is positive and 
(?—3¢4+8=0, or 3-¢?=8/¢. Hence 3—¢?>0, and so (<2, But then 
8/¢>4, and so 8/¢ cannot be equal to 3— ¢%, which is less than 3. 


Hence there is at most one z such that 2=32+8, And it cannot be 
rational. For any rational root of this equation must be integral and a 
factor of 8 (Ex. 11. 3), and it is easy to verify that no one of 1, 2, 4, 8 is a root. 


Thus 22=3z+8 has at most one root and that root, if it exists, is positive 
and not rational. We can now divide the positive rational numbers x into 
two classes Z, 2 according as 2° <37+8 or 2>32%+8., It is easy to see that 
if 2>32748 and y is any number greater than x, then also y>>3y+8. For 
suppose if possible y¥333y+8. Then since 23>3248 we obtain on sub- 
tracting y3—23<3(y—2x), or y?+xy+2% <3, which is impossible; for y is 


Pe al 
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positive and #>2 (since 23>8). Similarly we can show that if #2<3r+8 
and y <<. then also 73 <3y+8. 


Finally, it is evident that the classes Z and f both exist; and they form 
a section of the positive rational numbers or positive real number z which 
satisfies the equation 22=3z+8. The reader who knows how to solve cubic 
equations by Cardan’s method will be able to obtain the explicit expression of 
z directly from the equation. 


(ii) The direct argument applied above to the equation 
x =3x2+8 could be applied (though the application would be 
a little more difficult) to the equation 


oa=x+16. 


and would lead us to the conclusion that a unique positive real 
number exists which satisfies this equation. In this case, how- 
ever, it is not possible to obtain a simple explicit expression 
for x composed of any combination of surds. It can in fact 
be proved (though the proof is difficult) that it 1s generally 
impossible to find such an expression for the root of an equation 
of higher degree than 4. Thus, besides irrational numbers which 
can be expressed as pure or mixed quadratic or other surds, or 
combinations of such surds, there are others which are roots of 
algebraical equations but cannot be so expressed. It is only in 
very special cases that such expressions can be found. 


(iii). But even when we have added to our list of irrational 
numbers roots of equations (such as 2°= 2+ 16) which cannot be 
explicitly expressed as surds, we have not exhausted the different 
kinds of irrational numbers contained in the continuum. Let us 
draw a circle whose diameter is equal to A,A,, ae. to unity. It is 
natural to suppose* that the circumference of such a circle has a 
length capable of numerical measurement. This length is usually 
denoted by 7. And it has been shown‘ (though the proof is un- 
fortunately long and difficult) that this number 7 is not the 
root of any algebraical equation with integral coefficients, such, 
for example, as 


T=), TH=n, Tr=T+n, 
* A proof will be found in Ch. VII. 


+ See Hobson’s Trigonometry (3rd edition), pp. 305 et seq., or the same writer’s 
Squaring the Circle (Cambridge, 1913). 
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where is an integer. In this way it is possible to define a 
number which is not rational nor yet belongs to any of the classes 
of irrational numbers which we have so far considered. And this 
number 7 is no isolated or exceptional case. Any number of other 
examples can be constructed. In fact it is only special classes of 
irrational numbers which are roots of equations of this kind, just 


as it is only a still smaller class which can be expressed by means 
of surds. : 


16. The continuous real variable, The ‘real numbers’ 
may be regarded from two points of view. We may think of 
them as an aggregate, the ‘arithmetical continuum’ defined in 
the preceding section, or individually. And when we think of 
them individually, we may think either of a particular specified 
number (such as 1, — 4, 4/2, or 7) or we may think of any number, 
an unspecified number, the number «. This last is our point of 
view when we make such assertions as ‘# is a number’, ‘a is the 
measure of a length’, ‘« may be rational or irrational’, The « 
which occurs in propositions such as these is called the continuous 
real variable: and the individual numbers are called the values of 
the variable. 


A ‘variable’, however, need not necessarily be continuous. 
Instead of considering the aggregate of all real numbers, we 
might consider some partial aggregate contained in the former 
aggregate, such as the aggregate of rational numbers, or the 
aggregate of positive integers. Let us take the last case. Then 
in statements about any positive integer, or an unspecified positive: 
integer, such as ‘n is either odd or even’, n is called the variable, 
a positive integral variable, and the individual’ positive integers 
are its values. 


Naturally ‘a’ and ‘n’ are only examples of variables, the 
variable whose ‘field of variation’ is formed by all the real 
numbers, and that whose field is formed by the positive integers. 
These are the most important examples, but we have often to 
consider other cases. In the theory of decimals, for instance, we 
may denote by « any figure in the expression of any number as a 
decimal. Then « is a variable, but a variable which has only ten 
different values, viz. 0, 1, 2, 8, 4, 5, 6, 7, 8,9. The reader should 
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think of other examples of variables with different fields of varia- 
tion. He will find interesting examples in ordinary life: policeman 
x, the driver of cab a, the year a, the wth day of the week. The 
values of these variables are naturally not numbers. 


17. Sections of the real numbers. In § 4—7 we con- 
sidered ‘sections’ of the rational numbers, 2.e. modes of division of 
the rational numbers (or of the positive rational numbers only) 
into two classes Z and & possessing the following characteristic 
properties: 


(i) that every number of the type considered belongs to one 
and only one of the two classes ; 


(i) that both classes exist ; 
(111) that any member of Z is less than any member of R. 


It is plainly possible to apply the same idea to the aggregate 
of all real numbers, and the process is, as the reader will find in 
later chapters, of very great importance. 


Let us then suppose * that P and Q are two properties which 
are mutually exclusive, and one of which is possessed by every a 
real number. Further let us suppose that any number which 
possesses P is less than any which possesses Q. We call the 
numbers which possess P the lower or left-hand class L, and 
those which possess Q the upper or right-hand class R. 


Thus P might be « S,/2 and @ be e>./2. Itis important to observe 
that a pair of properties which suffice to define a section of the rational 
numbers may not suffice to define one of the-:real numbers. This is so, for 
example, with the pair ‘7 <,/2’ and ‘x >./2” or (if we confine ourselves 
to positive numbers) with ‘2? <2’ and ‘x? >2’. Every rational number 
possesses one or other of the properties, but not every real number, since in 
either case ./2 escapes classification. 


There are now two possibilitiest. Either Z has a greatest 
member J, or R has a least member r, Both of these events 


* The discussion which follows is in many ways similar to that of §6. We 
have not attempted to avoid acertain amount of repetition. The idea of a ‘section,’ 
first brought into prominence. in Dedekind’s famous pamphlet Stctigkeit und); 
irrationale Zahlen, is one which can, and indeed must, t, be grasped by every reader 
of this book, even if he be one of those who prefer to omit the discussion of the 
notion of an irrational number contained in §§ 6—12, 

+ There were three in § 6. bp iy i, 


Fe 
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cannot occur. For if Z had a greatest member J, and R a least 
member 1, the number $(/+7) would be greater than all members 
of Z and less than all members of R, and so could not belong to 
either class. On the other hand one event must occur*. 


For let Z, and R, denote the classes formed from DL and R by 
taking only the rational members of Z and R. Then the classes 
L, and R, form a section of the rational numbers. There are now 
two cases to distinguish. 


It may happen that ZL, has a greatest member a. In this case 
a must be also the greatest member of ZL. For if not, we could find 
a greater, say 8. There are rational numbers lying between a and 
8, and these, being less than £, belong to L, and therefore to L,; 
and this is plainly a contradiction. Hence a@ is the greatest 
member of L. 


On the other hand it may happen that £, has no greatest 
member. In this case the section of the rational numbers formed 
by Z, and &, is a real number a This number a must belong 
to L or to R. If it belongs to LZ we can shew, precisely as before, 
that it is the greatest member of LZ, and similarly, if 1t belongs 
to #, it is the least member of A. 


Thus in any case either LZ has a greatest member or Rf a 
least. Any section of the real numbers therefore ‘corresponds’ to 
a real number in the sense in which a section of the rational 
numbers sometimes, but not always, corresponds to a rational 
number. This conclusion is of very great importance; for it shows 
that the consideration of sections of all the real numbers does not 
lead to any further generalisation of our idea of number. Starting 
from the rational numbers, we found that the idea of a section of 
the rational numbers led us to a new conception of a number, that 
of a real number, more general than that of a rational number; 
and it might have been expected that the idea of a section of the 
real numbers would have led us to a conception more general still. 
The discussion which precedes shows that this is not the case, and 
that the aggregate of real numbers, or the continuum, has a kind 
of completeness which the aggregate of the rational numbers 
lacked, a completeness which is expressed in technical language 
by saying that the continuum is closed. 

* This was not the case in § 6, 
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The result which we have just proved may be stated as follows: 


Dedekind’s Theorem. If the real numbers are divided into 
two classes L and R in such a way that 

(i) every number belongs to one or other of the two classes, 

(ii) each class contains at least one number, 

(iii) any member of L 1s less than any member of R, 
then there is a number a, which has the property that all the numbers 
less than tt belong to L and all the numbers greater than it to R. 
The number a itself may belong to ether class. 


In applications we have often to consider sections not of al/ numbers but 
of all those contained in an interval (8, y), that is to say of all numbers 
xz such that BSasy. A ‘section’ of such numbers is of course a division of 
them into two classes possessing the properties (i), (ii), and (iii). Such 
a section may be converted into a section of all numbers by adding to Z all 
numbers less than 8 and to # all numbers greater than y. It is clear that 
the conclusion stated in Dedekind’s Theorem still holds if we substitute ‘the 
real numbers of the interval (8, y)’ for ‘the real numbers’, and that the 
number a in this case satisfies the inequalities B Say. 


18. Points of accumulation. A system of real numbers, or 
of the points on a straight line corresponding to them, defined in 
any way whatever, is called an aggregate or set of numbers or 
points. The set might consist, for example, of all the positive 
integers, or of all the rational points. 


It is most convenient here to use the language of geometry*. 
Suppose then that we are given a set of points, which we will 
denote by S. Take any point £, which may or may not belong to S. 
Then there are two possibilities. Either (i) it is possible to choose 
a positive number 6 so that the interval (& — 6, &+ 6) does not con- 
tain any point of S, other than & itself, or (a1) this is not possible. 


Suppose, for example, that S consists of the points corresponding to all 
the positive integers. If é is itself a positive integer, we can take 6 to be any 
number less than 1, and (i) will be true; or, if € is halfway between two 
positive integers, we can take 6 to be any number less than 4. On the other 
hand, if S consists of all the rational points, then, whatever the value of &, 
(ii) is true; for any interval whatever contains an infinity of rational points. 


* The reader will hardly require to be reminded that this course is adopted 
solely for reasons of linguistic convenience. 


+ This clause is of course unnecessary if € does not itself belong to S. 
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Let us suppose that (11) is true. Then any interval (£ — 6, + 8), 
however small its length, contains at least one point &, which 
belongs to S and does not coincide with £; and this whether & 
itself be a member of S or not. In this case we shall say that & is 
a point of accumulation of S. It is easy to see that the interval 
(€—6, &+68) must contain, not merely one, but infinitely many 
points of S. For, when we have determined £,, we can take an 
interval (€ —6,, + 6,) surrounding & but not reaching as far as &,. 
But this interval also must contain a point, say &, which is a 
member of S and does not coincide with € Obviously we may 
repeat this argument, with £ in the place of &; and so on 
indefinitely. In this way we can determine as many points 


Bi lean ear -- 
as we please, all belonging to S, and all lying inside the interval 
(E-3, £ +5). 
A point of accumulation of S may or may not be itself rf point 
of S. The examples which follow illustrate the various possibilities. 


- Examples IX. 1. If S consists of the points corresponding to the 
positive integers, or all the integers, there are no points of accumulation. 


2. If S consists of all the rational points, every point of the line is a 
point of accumulation. 


3. If S consists of the points 1, 4, 4, ..., there is one point of accumula- 
tion, viz. the origin. 


4, If S consists of all the positive sisal points, the points of accumula- 
tion are the origin and all positive points. of the line. 


19. Weierstrass’s Theorem. The general theory of sets 
of points is of the utmost interest and importance i in the higher 
branches of analysis; but it is for the most part too difficult to be 
included in a book such as this, There is however one funda- 
mental theorem which is easily deduced from Dedekind’s Theorem 


and which we shall require later. 


- Turorem. If a set S contains infinitely many points, and rs 
entirely situated in an interval (a, 8), then at least one point of the 
interval is a point of accumulation of S. 


We divide the points of the line A into two classes in the 
following manner. The point P belongs to Z if there are an 
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infinity of points of S to the right of P, and to R in the contrary 
case. Then it is evident that conditions (i) and (iii) of Dedekind’s 
Theorem are satisfied; and since a belongs to Z and 8 to R, 
condition (11) is satisfied also. 


Hence there is a point & such that, however small be 8, &—8 
belongs to LZ and &+6 to R, so that the interval (E—6, &+ 8) 
contains an infinity of pesmi of S. Hence € is a point of accumu- 
lation of S. 


This point may of course coincide with a or , as for instance when a=O, 
B=1, and S consists of the points 1, 4, },.... In this case 0 is the sole 
point of accumulation. 


MISCELLANEOUS EXAMPLES ON CHAPTER I. 


1. What are the conditions that ax+by+¢ez=0, (1) for all values of 
X,Y, 2; (2) for all values of 2, y, z subject to av+By+yz=0; (8) for all- 
values of aw, y, 2 subject to both av+By+yz=0 and Ax+ By y +Cz=01 


2, Any positive rational number can be expressed in one and only one 
way in the form 


where @, @2, ..., & are integers, and 
Osa, 0Sa<2, 084a;<3,...0<a,<h. 


3. Any positive rational number can be expressed in one and one way 
only’ as a simple continued fraction 
Mins oO co ‘ oa F 1 ve 1 1 al f 


> A ue { | a 
7 : = Opt Ot otat.. af a,” 


where a, a, ...are positive integers, of which the first only may be zero. 


[Accounts of the theory of such continued fractions will be found in text- 
books of algebra. For further information as to modes of representation of 
rational and irrational numbers, see Hobson, Theory of Functions of a Real 
Variable, pp. 45—49.] 


~ 


4. Find the rational roots (if any) of 923-6x?+157-10=0. *° 
5. A line AB is divided at C in aurea sectione (Euc. 11. 11)—i.e. so that 
AB, AC=BC*. Show that the ratio AC/AB is irrational. 


[A direct geometrical proof will be found in Bromwich’s Infinite Series, 
§ 143, p. 363.] 


a ‘ aA+b 
6. A is irrational. In what circumstances can Ade? where a, b, c, d 
are rational, be rational? ~. WAT. L. ¢ a 
m™m me a 
c = fan. eo F 4 
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7. Some elementary inequalities, In what follows @}, “Og, ... Miles 
note positive numbers (including zero) and p, g, ... positive integers. Since 
QP — dP and a,%— a4 have the same sign, we have (a? — a2”) (a,4—a2%) 20, or 


GPT Meter? Hig Pa + GARG? cacseses omssssscevieany (1), 


an inequality which may also be written in the form 


A,P+I4+qoPta = Q,P + ay? A42+ of (2) 
fo cer a) oe ae, ) 
By repeated application of this formula we obtain 
CPE + Er pnt ante ” Ay + ag? 7+ Ao4 ay" +a," 3 
= ee ase oe ee aoe Pn) 
P+ oP 
and in particular aes = (a5e)? ears ec rset ss s+0see (4). 


When p=q=1 in (1), or p=2 in (4), the inequalities are merely different 
forms of the inequality a,?+0a,?22a,a,, which expresses the fact that the 
arithinetic mean of two positive numbers is not less than their geometric 
mean. 


8. Generalisations for numbers. If we write down the }42(n—-1) 
inequalities of the type (1) which can be formed with n numbers Gi, Wyss On 
and add the results, we obtain the inequality 


EOP = SO? a8 ...00: a tis ss ouicaameleryins 6 em (5), 
or (Ba? * Diz {(San)/n} {Sawn} \..... eee (6). 


4 
Hence we can deduce an obvious extension of (8) which the reader may 
formulate for himself, and in particular the inequality 


(Sa?)/m 2 {(Sa)/0}P.ccccccesseeceee, ee 


9. The general form of the theorem concerning the arithmetic and 
geometric means. An inequality of a slightly different character is 
that which asserts that the arithmetic mean of @,, de, ...,d@,q 18 not less 
than their geometric mean. Suppose that a, and a, are the greatest and 
least of the a’s (if there are several greatest or least ‘a’s we. may choose any 
of them indifferently), and let @ be their geometric mean. We may suppose 
G> 0, as the truth of the proposition is obvious when G'=0. If now we replace 
a, and a, by 

a,=G, a, =a,a,/G, 
we do not alter the value of the geometric mean; and, since 4 
Oy +g! — Ay — Og= (A, — GZ) (a,— G)/G <0, 3 . 
we certainly do not increase the arithmetic mean. 


It is clear that we may repeat this argument until we have replaced each 
Of @, G2, ..., dn by G; at most 2 repetitions will be necessary. As the final 
value of the arithmetic mean is G, the initial value cannot have been less. 
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10. Schwarz’s inequality. Suppose that @,, a, ..., a, and b,, be, ...5 dn 
are any two sets of numbers positive or negative. It is easy to verify the 


identity 
(2a,b,)?= Sa,2 Sa? —= (a,b, — a,b,)?, 


where 7 and s assume the values 1, 2, ..., 2. It follows that 
(3a,b,)? S$ Sa,? 35,7, 
an inequality usually known as Schwarz’s (though due originally to Cauchy). 


ll. If ay, ag, ..., ay are all positive, and Seseatir: io then 


(U-fe,) (ee)... (US lee Atay. + 


om Trip. 1909.) 


2! 


12, If a,, a, ..., @ and b,, be, ..., b, are two sets of positive numbers, 
arranged in descending order of magnitude, then 


(ay Ag+... +Gy) (Di + bg +... +n) S12 (ayb) + aqbe+...+a,b,): 
13. Ifa, b,c¢,...4 and A, B, C,... K are two sets of numbers, and all of © 
the first set are positive, then 
aA+bB+...+kK 
a+b+...+k 
lies between the algebraically least and greatest of A, B,..., K. 
14. If Jp, J/g are dissimilar surds, and a+b ,./p+e J/q+d J(pq)=0, 
where a, b, ¢, d are rational, then a=0, b=0, c=0, d=0. 


[Express ,/p in the form Af+ NV ./g, where M and W are rational, and apply 
the theorem of § 14.] . 


15. Show that if @,/2 +b /3+¢,./5=0, where a, b, ¢ are rational numbers, 
then a=0, b=0, c=0. 


16. Any polynomial in ./p and ,/q, with rational coefficients (ec. any’ 
sum of a finite number of terms of the form A (./p)"(/q)*, where m and n 
are integers, and A rational), can be expressed in the form 


a+b pipaine s/g Wel s/ 00) 
where a, 0, c, d are rational. 


17. Express ee where a, 0, ete. are rational, in the form 
A+B p+ OC Jq+D Jpg, 
where A, B, C, D are rational. 
[Evidently 
atbJpteJg _(at+b /pteg) (dte Jp-fNq) __ atB VptyJg+80/pq 
d+eJp+fJq— (d+e,/p)—f?q et+( Jp 


where a, f, ete. are rational numbers which can easily be found. The required 


1. 3 
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reduction may now be easily completed by multiplication of numerator and 
denominator by e—¢,/p. For example, prove that 
1 age | 1 
i+,24 8 24 gem 


18. Ifa, b, x, y are rational numbers such that 
(ay —be)?-+-4 (a— 2) (b-—y)=0, 


then either (i) c=a, y=b or (ii) 1-ab and 1—.y are squares of rational 
numbers. _ (Math. Trip. 1903.) 


19. If all the values of x and y given by 
au+Qheytby=1, a'x?+Wxyt+by=1 
(where a, h, b, a’, h’, 0’ ave rational) are rational, then 
(h-h’? -(a-a’)(b-0), (ab’—a’b)?+4 (ah’ —a’h) (bh'—V'h) 
are both squares of rational numbers. (Math. Trip. 1899.) 


20. Show that ./2 and ,/3 are cubic functions of ,/2+,/3, with rational 
coefficients, and that ./2—,/6+3 is the ratio of two linear functions of 
J2+/3. (Math. Trip. 1905.) 


21. The expression 
Jat 2m,/(a—-m*) + /{a - 2,/(a — m?)} 
is equal to 2m if 2m? > a> m?, and to 2./(a—m?) if a> Qm?. 


22. Show that any polynomial in 4/2, with rational coefficients, can be 
expressed in the form 
at+bi/2+¢8/4, 
where a, 0, c are rational. 
More generally, if » is any rational number, any polynomial in */p with 
rational coefficients can be expressed in the form 


where dQ, @,... are rational and a=%/p, For any such polynomial is of the 
form % 

bo tbat boa?+... +b, 0%, . 
where the U’s are rational. If 4m -—1, this is already of the form required. If 
k>m-—1, let a” be any power of a higher than the (m—1)th. Then r=Am+s, 


AM+S 


where X is an integer and O<s<m-—1; and a’=a =p*a®, Hence we can 


get rid of all powers of a higher than the (m —1)th. 


93. Express (2/2-1)® and (x/2—1)/(/2+1) in the form a+b ¥/2+4+cJ/4, 
where a, 0, ¢ are rational. [Multiply numerator and denominator of the 
second expression by 4/4 —-4/2+1.] 

4. if atbis/2+ceX/4=0, 
where a, 6, ¢ are rational, then a=0, 6=0, c=0. 
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{Let y=A/2. Then 43=2 and 
cy* + by+a=0. 
Hence 2cy?+2by+ay?=0 or 
ay” + 2cy+2b=0., 

Multiplying these two quadratic equations by @ and c¢ and subtracting, 
we obtain (ab—2c*) y+a?—2be=0, or y= —(a?— 2be)/(ab— 2c), a rational 
number, which is impossible. The only alternative is that ab—2c?=0, 
a? —2be = 0. 


Hence ab=2c?, at=4b%c% If neither @ nor 6 is zero, we can divide the 
second equation by the first, which gives a=263: and this is impossible, 
since 4/2 cannot be equal to the rational number a/b. Hence ab=0, c=0, 
and it follows from the original equation that a, 6, and ¢ are all zero. 


As a corollary, if a+b9/2%c/4=d+e/2+/x/4, then a=d, b=e, c=f. 
It may be proved, more generally, that if 


A+ oe 409, 400, ag) ag, 


p not being a perfect mth power, then a9=a=...=Gn-1=0; but the proof is 
less simple.] 


25. If A+3/B=C+,/D, then either A=C, B=D, or B and D are both 
cubes of rational numbers. 


26. If /A+/B+%/C=0, then either one of A, B, Cis zero, and the other 
two equal and opposite, or 4/A, 4/B, YC are rational multiples of the same 
surd 3/X. 


27. Find rational numbers a, 8 such that 
(7 +5,/2)=a+B,/2. 
28. If (a—b*)b>0, then 


Meas a/ Car) + ear /(Ge")} 


is rational. [Each of the numbers under a cube root is of the form 


—53\)3 
{e+ 8/(ar)} 
where a and £ are rational.] 


29. If a=A/p, any polynomial in a is the root of an equation of degree n, 
with rational coefficients. 
[We can express the polynomial (x say) in the form 
e=l+mat..tra™, 


where /;, m,, ... are rational, as in Ex. 22. 
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Similarly w=le+meat...t72a", 
w"=1,+mM,at...+7,a—, 
Hence Lya + Lo? +...4+ L,0"=h, 


where A is the determinant 


Ln Mr eee Th 


and 7,, Zo, ... the minors of /,, lo, ....] 


30. Apply this process to r=p+,/q, and deduce the theorem of § 14. 


31. Show that y=a+bp"* +cp*® satisfies the equation 
yp — Bay?-+ By (a? — bep) - a3 — Bp — 3p? + Babep=0. 


32. Algebraical numbers. We have scen that some irrational numbers 
(such as ,/2) are roots of equations of the type 


Apt” + a2"-14.,..+4,=0, 


_ \ where do, 4, ...) @ are integers, Such irrational numbers are called alge- 
~~ \ braical numbers: all other irrational numbers, such as m (§ 15), are called 
transcendental numbers. Show that if x is an algebraical number, then so are 


kx, where & is any rational number, and an ” where m and x are any integers. 


33. If # and yare algebraical numbers, then so are 7+y,%—-y, 4y and aly. 
[We have equations av" +a,%"-14,,.+4,=0, . 
boy” + by y"™~1 +... +6,=0, 


where the a’s and 8’s are integers. Write x+y=2,y=2-2% in the second, 
and eliminate x We thus get an equation of similar form 


Coz? +027 1+... +¢,=0, 
satisfied by z Similarly for the other cases.] 


t 
c 


34, If ag" +a,2"-1 +... +-an=9, 


where a), a1, ++.) a are any algebraical numbers, then 2 is an algebraical 
number. [We have 7+1 equations of the type 


-1 
Qo, Op +, rp Ay +..+4m,, r=9 (7=0, 1, ..., 2), 


in which the coefficients do, +) @,r, +. are integers Eliminate ap. ay, ..) an 
between these and the original equation for 2.] 


35. Apply this process to the equation x?— 27,/2+,/3=0. 
(The result is 28 — 1675+ 58.4 — 4827+9=0.] 
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36. Find equations, with rational coefficients, satisfied by 


14243, TeAME, MWVStN + (3—W/ 2 M244 


37, If =xr+1, then "=a,7+b,+¢,/2, where 


Ans1=An+bn, On41= Anton ten, Ca+1=Ank Cy 


38. If 28+25—2Qat—23+224+1=0 and y=27!—a*?4+c7-1, then y satisfies 
a quadratic equation with rational coefficients. (dlath. Trip. 1903.) 


[It will be found that y?+y7+1=0.] 


CHAPTER II 


FUNCTIONS OF REAL VARIABLES 


20. The idea of a function. Suppose that 2 and y are 
two continuous real variables, which we may suppose to be repre- 
sented geometrically by distances A,P=2, B,Q=y measured 
from fixed points A), B, along two straight lines A, M. And 
let us suppose that the positions of the points P and Q are not 
independent, but connected by a relation which we can imagine 
to be expressed as a relation between w and y: so that, when 
P and « are known, Q and y are also known. We might, 
for example, suppose that y=, or y= 2z2, or $a, or 2 +1. In 
all of these cases the value of « determines that of y. Or 
again, we might suppose that the relation between x and y is 
given, not by means of an explicit formula for y in terms of a, 
but by means of a geometrical construction which enables us to . 
determine Q when P is known. 


In these circumstances y is said to be a function of a This 
notion of functional dependence of one variable upon another is 
perhaps the most important in the whole range of higher mathe- 
matics. In order to enable the reader to be certain that he 
understands it clearly, we shall, in this chapter, illustrate it by 
means of a large number of examples. 


But before we proceed to do this, we must point out that 
the simple examples of functions mentioned above possess three 
characteristics which are by no means involved in the general 
idea of a function, viz.: 

(1) yis determined for every value of «; 

(2) to each value of w for which y is given corresponds one 
and only one value of ¥; 

(8) the relation between w and y is expressed by means of 
an analytical formula, from which the value of y corresponding to 
a given value of # can be ealleulaged by direct substitution of the 
latter. 
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It is indeed the case that these particular characteristics are 
possessed by many of the most important functions. But the con- 
sideration of the following examples will make it clear that they 
are by no means essential to a function. All that is essential is 
that there should. be some relation between x and y such that to 
some values of # at any rate correspond values of y. 


Examples X. 1. Let y= or 2” or 44 or «?+1 Nothing further need 
be said at present about cases such as these. 


2. Let y=0 whatever be the value of #. Then ¥ is a function of x, for we 
can give x any value, and the corresponding value of y (viz. 0) is known. In 
this case the functional relation makes the same value of y¥ correspond to all 
values of z The same would be true were y equal to 1 or —} or ,/2 instead 
of 0, Such a function of w is called @ constant. 


3. Lety?=x. Then if x is positive this equation defines ¢wo values of 
corresponding to each value of 2, viz. +./v. If «=0, y=0. Hence to the 
particular value 0-of x corresponds one and only one value of y. But if x is 
negative there is no value of y which satisfies the equation, That is to say, 
the function v is not defined for negative values of x. This function therefore 
possesses the characteristic (3), but neither (1) nor (2). 


4, Consider a volume of gas maintained at a constant temperature and 
contained in a cylinder closed by a sliding piston*. 


Let A be the area of the cross section of the piston and JW its weight. 
The gas, held in a state of compression by the piston, exerts a certain pressure 
po per unit of area on the piston, which balances the weight W, so that 


W= Ang, 


Let v) be the volume of the gas when the system is thus in equilibrium. 
If additional weight is placed upon the piston the latter is forced downwards. 
The volume (v) of the gas diminishes; the pressure (p) which it exerts 
upon unit area of the piston increases. Boyle’s experimental law asserts that 
the product of p and v is very nearly constant, a correspondence which, if 
exact, would be represented by an equation of the type 


pv=a SCeoeseeerve @eevesetoseoees oe eeeecee seuseseee ey 
where @ is a number which can be determined approximately by experiment. 


Boyle’s law, however, only gives a reasonable approximation to the facts 
provided the gas is not compressed too much. When »v is decreased and p 
increased beyond a certain point, the relation between them is no longer 
expressed with tolerable exactness by the equation (i). It is known that a 


* I borrow this instructive example from Prof. H. S. Carslaw’s Introduction to 
the Calculus. 


‘x 
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much better approximation to the true relation can then be found by means 
of what is known as ‘van der Waals’ law’, expressed by the equation 


(r+ 5) OFF regener scc.setaeee (ii), 


where a, 8, y are numbers which can also be determined approximately by 
experiment. 


Of course the two equations, even taken together, do not give anything 
like a complete account of the relation between p and v. This relation is no 
doubt in reality much more complicated, and its form changes, as v varies, 
from a form nearly equivalent to (i) to a form nearly equivalent to (ii). But, 
from a mathematical point of view, there is nothing to prevent us from con- 

) templating an ideal state of things in which, for all values of v not less than 

| a certain value V, (i) would be exactly true, and (ii) exactly true for all 

_ values of » less than V. And then we might regard the two equations as 
together defining p as a function of v. It is an example of a function which 
for some values of v is defined by one formula and for other values of 2 is 
defined by another, 


This function possesses the characteristic (2). to any value of » only one 
| value of p corresponds: but it does not possess (1). For pis not defined as 
a function of v for negative values of v; a ‘negative volume’ means 
nothing, and so negative values of v do not present themselves for considera- 
tion at all. 


5. Suppose that a perfectly clastic ball is dropped (without rotation) 
from a height }gr? on to a fixed horizontal plane, and rebounds continually. 


The ordinary formulae of elementary dynamics, with which the reader is 
probably familiar, show that h=1g?? if OStsr, h=ig (27-2) if rStS3r, and 
generally 

: h=2 9 (2nr—t)? 
if (2n-1)rsStS(2n+1)r, A being the depth of the ball, at time ¢, below its 
original position. Obviously 4 is a function of ¢ which is only defined for 
positive values of ¢. 


t 
e 


“+> 6. Suppose that y is defined as being the largest prime factor of x. This 
is an instance of a definition which only applies to a particular class of values 
of x, viz. integral values. ‘The largest prime factor of 3} or of ,/2 or of m’ 
means nothing, and so our defining relation fails to define for such values of x 
as these. Thus this function does not possess the characteristic (1). It does 
possess (2), but not (3), as there is no simple formula which expresses y in 
terms of 2, 


~~ o Let y be defined as the denominator of x when x is expressed in its 
lowest terms. This is an example of a function which is defined if and only 
if x is rational. Thus y=7 if e=—11/7: but y is not defined for v=,/2, ‘the 
denominator of /2’ being a meaningless form of words. 
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8. Let y be defined as the height in inches of policeman Ox, in the 
Metropolitan Police, at 5.30 p.m. on 8 Aug. 1907. Then y is defined for a 
certain number of integral values of «x, viz. 1, 2, ..., V, where J is the total 
number of policemen in division C at that particular moment of time. 


21. The graphical representation of functions. Sup- 
pose that the variable y is a function of the variable # It will 
generally be open to us also to regard w as a function of y, in virtue 
of the functional relation between # andy. But for the present we 
shall look at this relation from the first point of view. . We shall 
then call w the independent variable and y the dependent variable; 
and, when the particular form of the functional relation is not 
specified, we shall express it by writing 

y =f (#) 
(or F(x), d (a), W(x), ..., as the case may be). 

The nature of particular functions may, in very many cases, be 
illustrated and made easily intelligible as follows. Draw two lines 
OX, OY at right angies to one another 
and produced indefinitely in both direc- 
tions. We can represent values of x 
and y by distances measured from O 
along the lines OX, OY respectively, 
regard being paid, of course, to sign, 
and the positive directions of measure- 
ment being those indicated by arrows 
in Fig. 6. 

Let a be any value of. « for which 
y is defined and has (let us suppose) 
the single value b. Take OA =a, 
OB=b, and complete the rectangle Fig. 6. 

OAPB. Imagine the point P marked on the diagram. This 
marking of the point P may be regarded as showing that the 
value of y for =a is b. 


If to the value a of # correspond several values of y (say 
b, b’, b”), we have, instead of the single point P, a number of 
pomtse P, P’, P”. 

We shall call P the point (a, b); a and b the coordinates of P 
referred to the axes OX, OY; a the abscissa, b the ordinate of P; 
OX and OY the amis of x and the amis of y, or together the 
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axes of coordinates, and O the origin of coordinates, or simply 
the origin. 

Let us now suppose that for all values a of x for which y is 
defined, the value 6b (or values b, b’, b”,...) of y, and the corre- 
sponding point P (or points P, P’, P”, ...), have been determined. 
We call the aggregate of all these points the graph of the 
function y. 


To take a very simple example, suppose that y is defined as 
a function of « by the equation 


Bie Cram O. 5. cpa: 5 caieicia aisles aininv'ee (1), 


where A, B, C are any fixed numbers*. Then y is a function of # 
which possesses all the characteristics (1), (2), (8) of § 20. It is 
easy to show that the graph of y is a straight line. The reader is 
in all probability familiar with one or other of the various proofs 
of this proposition which are given in text-books of Analytical 
Geometry. 


We shall sometimes use another mode of expression. We 
shall say that when # and y vary in such a way that equation (1) 
is always true, the locus of the point (x, y) is a straight line, and 
we shall call (1) the equation of the locus, and say that the equation 
represents the locus. This use of the terms ‘locus’, ‘equation of 
the locus’ is quite general, and may be applied whenever the 
relation between # and y is capable of being represented by an 
analytical formula. 


- The equation Aw+ By + C=0 is the general equation of the first 
degree, for Ax + By + C is the most general polynomial in w and y 
which does not involve any terms of degree higher than the first 
in z and y. Hence the general equation of the first degree repre- 
sents a straight line. It is equally easy to prove the converse 
proposition that the equation of any straight line is of the first 
degree. 

_ We may mention a few further examples of interesting geo- 
metrical loci defined by equations. An equation of the form 

(2 — a)’ +(y— B)’= p?, 


* If B=0, y does not occur in the equation. We must then regard y as a 
function of x defined for one value only of x, viz. <= -—C/d, and then having all 
values, 
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or e+ y+ 2Ge+ 2Fy+C=0, 
where G?+ F?—C > 0, represents a circle. The equation 

As? + 2Hay + By? + 2Ga+2Fy+C=0 
(the general equation of the second degree) represents, assuming 
that the coefficients satisfy certain inequalities, a conic section, 
ae. an ellipse, parabola, or hyperbola. For further discussion of 
these loci we must refer to books on Analytical Geometry. 


22. Polar coordinates. In what precedes we have determined 
the position of P by the lengths of its coordinates OM=x, MP = y. 
If OP=r and MOP=86, @ being an 
angle between 0 and 27 (measured in 


the positive direction), it is evident that N 
2=r cos 8, y=rsin 6, 
r=/(a? +4"), cos@:sin O:1::¢:y:7, y 
and that the position of P is equally well 
determined by a knowledge of rand @ 0 z M 
We call r and @ the polar coordinates Fig. 7. 


of P. The former, it should be observed, is essentially positive*. 


If P moves on a locus there will be some relation between r 
and @, say r=f(0) or @=F(r). This we call the polar equation 
of the locus. The polar equation may be deduced from the (a, y) 
equation (or vice versa) by means of the formulae above. 


Thus the polar equation of a straight line is of the form 
rcos(@ —a)=p, 
where p and @ are constants. ‘The equation r= 2a cos 6 represents 


a circle passing through the origin; and the general equation of 
a circle is of the form 


+c —2rccos (@—a) = A, 
where A, c, and a are constants. 


* Polar coordinates are sometimes defined so that r may be positive or negative. 
In this case two pairs of coordinates—e.g. (1, 0) and (—1, 7)—correspond to the 
same point. The distinction between the two systems may be illustrated by means 
of the equation l/r=1-ecos6, where 1>0,e>1. According to our definitions r 
must be positive and therefore cos @<1/e: the equation represents one branch only 
of a hyperbola, the other having the’ equation —//r=1-—ecos 6. With the system 
of coordinates which admits negative values of r, the equation represents the whole 
hyperbola. 
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23. Further examples of functions and their graphical 
representation. The examples which follow will give the 
reader a better notion of the infinite variety of possible types of 
functions. 


A. Polynomials. A polynomial in «x is a function of the 
form 


where dp, Qi, -»», Gm are constants. The simplest polynomials are 
the simple powers y= @, x, #,...,”™,..... The graph of the function 
x” is of two distinct types, according as m is even or odd. 


First let m=2. Then three points on the graph are (0, 0), 
(1,1), (-1,1). Any number of additional points on the graph 
may be found by assigning other special values to w: thus the 
values 


x=4, 2, 3,-4, —2, 3 
give y=4,49, 4 4 9. 


If the reader will plot off a fair number of points on the graph, he 
will be led to conjecture that the 

form of the graph is something 
like that shown in Fig. 8, If 
he draws a curve through the 

special points which he has proved 

to lie on the graph and then tests 

its accuracy by giving w# new 

values, and calculating the cor- 

responding values of y, he will 

find that they lie as near to the curve as it is reasonable to expect, 
when the inevitable inaccuracies of drawing are considered. The 
curve is of course a parabola. 


(0,0) 
e Fig. 8. 


There is, however, one fundamental question which we cannot 
answer adequately at present. The reader has no doubt some 
notion as to what is meant by a continuous curve, a curve without 
breaks or jumps; such a curve, in fact, as is roughly represented 
in Fig. 8. The question is whether the graph of the function 
y =x is in fact such a curve. This cannot be proved by merely 
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constructing any number of isolated points on the curve, although 
the more such points. we construct the more probable it will 
appear. 


This question cannot be discussed properly until Ch. V. In 
that chapter we shall consider in detail what our common sense 
idea of continuity really means, and how we can prove that such 
graphs as the one now considered, and others which we shall 
consider later on in this chapter, are really continuous curves. 
For the present the reader may be content to draw his curves as |e 

a 


common sense dictates. 


It is easy to see that the curve y=<? is everywhere convex to the axis of x. 


Let Po, P; (Fig. 8) be the points (x9, £57), (%1, :7). Then the coordinates of x ‘ 
-¥ 


a point on the chord PoP; are x=Arxot+ pry, Y=ALy? + px;", where A and p are oa 
positive numbers whose sum is]. And 

y- u?=(A+p) (nar? + pry?) — (Avo + pty)? =Ap (a1 — Lo)” ZO, 
-so that the chord lies entirely above the curve. 

The curve y= 2‘ is similar to y=? in general appearance, but 
flatter near O, and steeper beyond the points A, A’ (Fig. 9), 
and y =a”, where m is even and greater than 4, is still more so, 
As m gets — argo and larger the flatness and _Steepness grow 


nae 


tinguishable from Ais thick Ine - in the figure. 


y=u* 
e 


Fig. 9. . Fig. 10. 


The reader should next consider the curves given by y=a™, 
when m is odd. The fundamental difference between the two 
cases is that whereas when m is even (—2)”=2™, so that the 
curve is symmetrical about OY, when m is odd (— «)" = — a”, so 
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that y is negative when # is negative. Fig. 10 shows the curves 
y=, y=, and the form to which y=2™ approximates for 
larger odd values of m 


It is now easy to see how (theoretically at any rate) the graph 
of any polynomial may be constructed. In the first place, from 
the graph of y = #™” we can at once derive that of Ca™, where C is 
a constant, by multiplying the ordinate of every point of the 
curve by C. And if we know the graphs of f(x) and F(a), we 
ean find that of f(«)+ F(x) by taking the ordinate of every point 
to be the sum of the ordinates of the corresponding points on the 
two original curves. 


The drawing of graphs of polynomials is however so much 
facilitated by the use of more advanced methods, which will be 
explained later on, that we shall not pursue the subject further 
here. 


Examples XI. 1. Trace the curves y=7x', y= 325, y=21, 


[The reader should draw the curves carefully, and all three should be 
drawn in one figure*. He will then realise how rapidly the higher powers 
of « increase, as x gets larger and larger, and will see that, in such a 
polynomial as 

0 +4325 +744 


(or even x! +3025 +4'700z*), it is the first term which is of really preponderant 
importance when «# is fairly large. Thus even when 2=4, x!°> 1,000,000, 
while 3025 < 35,000 and 700x2*< 180,000; while if =10 the preponderance 
of the first term is still more marked.] 


2. Compare the relative magnitudes of #17, 1,000,000z%, 1,000,000,000,000 
when «=1, 10, 100, etc. 


[The reader should make up a number of examples of this type for himself. 
This idea of the relative rate of growth of different functions of # is one with 
which we shall often be concerned in the following chapters. ] 


3. Draw the graph of az?+2br+e — 


[Here 7 — {(ac—b?)/a} =a {v+(b/a)}?. If we take new axes parallel to the 
old and passing through the point «= —b/a, y=(ac—b?)/a, the new equation 
is y’=as’%, The curve is a parabola.] 


4, Trace the curves y=#3-32+1, y=? (2-1), y=x(x-1)%. 


* It will be found convenient to take the scale of measurement along the axis 
of y a good deal smaller than that along the axis of x, in order to prevent the 
figure becoming of an awkward size. 
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24. B. Rational Functions. The class of functions which 
ranks next to that of polynomials in simplicity and importance 
is that of rational functions. A rational function is the quotient 
of one polynomial by another: thus if P (x), Q (x) are polynomials, 
we may denote the general rational function by 
(a) 

Q (2) ” 

In the particular case when Q (a) reduces to unity or any other 
constant (7.¢. does not involve «), R(x) reduces to a polynomial: 
thus the class of rational functions includes that of polynomials 


as a sub-class. The following points concerning the definition 
should be noticed. 


fi («)= 


(1) We usually suppose that P (a) and Q(«) have no common factor «+a 
or 4“? au?) +bx?~24.,,,4+-k, all such factors being removed by division. 


(2) It should however be observed that this removal of common factors 
does as a rule change the function. Consider for example the function 2/z, 
which is a rational function. On removing the common factor x we obtain 
1/1=1. But the original function is not always equal to 1: it is equal to 1 
only so long as «+0, If r=0 it takes the form 0/0, which is meaningless. 
Thus the function x/x is equal to 1 if +0 and is undefined when r=0. It 
therefore differs from the function 1, which is always equal to 1. 


(3) Such a function as 


1 1 1 1 
(sits) /Gt+a5) 


may be reduced, by the ordinary rules of algebra, to the form 
x? (x -2) 
| (@=1(@+1)’ 

which is a rational function of the standard form. But here again it must be 
noticed that the reduction is not always legitimate. In order to calculate the 
value of a function for a given value of « we must substitute the value for x 
in the function in the form in which it is given. In the case of this function 
the values x= —1, 1, 0, 2 all lead to a meaningless expression, and so the 
function is not defined for these values. The same is true of the reduced | 
form, so far as the values —1 and 1 are concerned. But x=0 and r=2 give 
the value 0. Thus once more the two functions are not the same. 


(4) But, as appears from the particular example considered under (3), 
there will generally be a certain number of values of x for which the function 
is not defined even when it has been reduced to a rational function of the 
standard form. These are the values of x (if any) for which the de- 
nominator vanishes. Thus (#—7)/(#?—32+2) is not defined when x=1 
or 2, 


i] 
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(5) Generally we agree, in dealing with expressions such as those con- 
sidered in (2) and (3), to disregard the exceptional values of x for which such 
processes of simplification as were used there are illegitimate, and to reduce 
our function to the standard form of rational function. The reader will 
easily verify that (on this understanding) the sum, product, or quotient of 
two rational functions may themselves be reduced to rational functions of 
the standard type. And generally a rational function of a rational function 
is itself a rational function: z.e. if in z=P(y)/Q(y), where P and @ are 
polynomials, we substitute y= P, (x)/Q, (v), we obtain on simplification an 
equation of the form z= P, (2)/Q, (). 

(6) It is in no way presupposed in the definition of a rational function 
that the constants which occur as coefficients should be rational numbers. 
The word rational has reference solely to the way in which the variable x 
appears in the function. Thus 

w+e+S/3 
x 2-39 
is a rational function 

The use of the word rational arises as follows. The rational function 
P (a)/Q(#) may be generated from «x by a finite number of operations upon 
Z; including only multiplication of x by itself or a constant, addition of terms 
thus obtained, and division of one function, obtained by such multiplications 
and additions, by another. In so far as the variable x is concerned, this pro- 
cedure is very much like that by which all rational numbers can be obtained 
from unity, a procedure exemplified in the equation 

i Wel ae ee aed 
3° / 1t+lt+l 

Again, any function which can be deduced from # by the elementary 
operations mentioned above, using at each stage of the process functions 
which have already been obtained from x in the same way, can be reduced to 
the standard type of rational function. The most general kind of function 
which can be obtained in this way is sufficiently illustrated by the example 


Ey 20+7 

(er gaz ie 3) / (73) , 
9z+1 ’ 

which can obviously be reduced to the standard type of rational function. 


25. The drawing of graphs of rational functions, even more 
than that of polynomials, is immensely facilitated by the use of 
methods depending upon the differential calculus. We shall 
therefore content ourselves at present with a very few examples, 


Examples XII. 1. Draw the graphs of y=1/2, y=1/2*, y=1/2°%,..., 

[The figures show the graphs of the first two curves. It should be 
observed that, since 1/0, 1/02, ... are meaningless expressions, these functions 
are not defined for +=0,] 
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2. Trace y=x+(1/~), v—(1/x), 2?+(1/a*), x?-(1/z?) and aa+(b/x) 
taking various values, positive and negative, for a and b. 
3. Trace 
oe} (3; 3 il (ells 
8-1? Vel)? (@—-1)?) af-1° 
4, Trace y=1/(e-a) (a—- 6), 1/(e—a) (2@-b) (a-c), where a<bd<e.- 


5. Sketch the general form assumed by the curves y=1/v™ as m 
becomes larger and larger, considering separately the cases in which m is 


odd or even. 


y=1]/x 


ies ise 


Fig. 11. Fig. 12, 


96. C. Explicit Algebraical Functions. The next im- 
portant class of functions is that of explicit algebraical functions. 
These are functions which can be generated from @ by a finite 
number of operations such as those used in generating rational 
functions, Gogether witha finite number of operations of root 
extraction, Thus 

V(1 + #)— V(1— 2) 
41 +a)+90—2)’ Va + /(x% + /2), 
a+ 20 +/38\F 
( ar/2—c 
are explicit algebraical functions, and so is #™" (ze. Yax™), where m 
and n are any integers. 

It should be noticed that there is an ambiguity of notation 
involved in such an equation as y=/a. We have, up to the 
present, regarded (e.g.) ./2 as denoting the positive square root 
of 2, and it would be natural to denote by /#, where «x is any 

EG 4 
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positive number, the positive square root of a, in which case 
y= would be a one-valued function of 2 It is however 
often more convenient to regard /# as standing for the two-valued 
function whose two values are the positive and negative square 
roots of &. 


The reader will observe that, when this course is adopted, the 
function ,/# differs fundamentally from rational functions in two 
respects. In the first place a rational function is always defined 
for all values of x with a certain number of isolated exceptions. 
But x is undefined for a whole range of values of a (xe. all 
negative values). Secondly the function, when # has a value 
for which it is defined, has generally two values of opposite signs. 


The function ./a, on the other hand, is one-valued and defined 
for all values of a. 
Examples XIII. 1. /{(v7-—«a)(b-—«x)}, where a<b, is defined only for 
asavsb. If a<cwx<b it has two values: if v=a or b only one, viz. 0. 
2. Consider similarly 
n/{(w a) (@—b) (w—)} (a<b<e), 
alte (a? —a?)}, (va)? (b-2)} (a<d), 


M(1+2)—J/(1—2) 
J(l+2)+/0—2)’ {e+ A/ the 


3, Tracethecurves y=a2, Y=a, y=2"*. 
4, Draw the graphs of the functions y=,/(a?—2*), y=b./{1-(«?/a?)}. 
27. D. Implicit Algebraical Functions. It is easy to 
verify that if 
‘ _ v1 +2)—V(1-2) 
IS V(i+a)+¥d= 2)? 


1.7 eno 
or if y= Vat (a+), 
then yt — (44? + 4y+1)x2=0. 


Each of these equations may be expressed in the form 
OO Ee + eee O..1 6002s vccneene (1), 


where R,, R,, .... Rm are rational functions of #: and the reader 
will easily verify that, if y is any one of the functions considered 
in the last set of examples, y satisfies an equation of this form. 
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It is naturally suggested that the same is true of any explicit 
algebraic function. And this is in fact true, and indeed not 
difficult to prove, though we shall not delay to write out a formal 
proof here. An example should make clear to the reader the lines 
on which such a proof would proceed. Let 


_at+Vvot{at+ Va} +V(1+ 2) 
— a at fat fo} —V(1+2)' 
Then we have the equations 
_a@t+utov+w 
= UFV—w 
V=2, Y=etu w=l1+za, 
and we have only to eliminate wu, v, w between these equations in 
order to obtain an equation of the form desired. 
We are therefore led to give the following definition : a function 
=f (x) will be said to be an algebraical function of x if it is the 
root of an equation such as (1), i.e. the root of an equation of the 
m degree in y, whose coefficients are rational functions of x. There 
is plainly no loss of generality in supposing the first coefficient to 
be unity. 


This class of functions includes all the explicit algebraical . 


functions considered in § 26. But it also includes other functions 
which cannot be expressed as explicit algebraical functions. For 
it is known that in general such an equation as (1) cannot be 
solved explicitly for y in terms of w, when m is greater than 4, 
though such a solution is always possible if m=1, 2, 8, or 4 and 
in special cases for higher values of m. : 

The definition of an algebraical function should be compared 
with that of an algebraical number given in the last chapter 
(Mise. Exs. 32). 36 

Examples XIV. 1. If m=1, y is a rational function. 

2. If m=2, the equation is 2+ Ryy+R_=0, so that 

y=3{- Rt /(R?-42,)}. 


This function is defined for all values of x for which R,224R,. It has two 
values if 22,2>4R, and one if 2,2=42,. 


If m=3 or 4, we can use the methods explained in treatises on Algebra for 
the solution of cubic and biquadratic equations. But as a rule the process is 


t 


complicated and the results inconvenient in form, and we can generally study / i 


the properties of the function better by means of the original equation. 
4—2 


el 
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3. Consider the functions defined by the equations 
y—2y-2=0, y-Qy+a2=0, yt— y+ 2%=0, 
in each case obtaining y as an explicit function of «, and stating for what 
values of x it is defined. 
4. Find algebraical equations, with coefficients rational in x, satisfied by 
each of the functions 
Na+N(I/z), Je+(l/x), N(wt+nv2), Viet (2+ a). 
5. Consider the equation yan, 
[Here y?= +. If x is positive, y=NV a: if negative, y= (—z). Thus the 
function has two values for all values of x save x=0.] 
6. An algebraical function of an algebraical function of x is itsclf an 
algebraical function of «, 
[For we have 
y+ Ry (2) y™-1 4... 4+- Rm (2)=0, 
where 24S) (x) 2-1 +...48, (7) =0, 
Eliminating z we find an equation of the form 
YP + Ty (x) 1 4+- +7, (x) =0. 
Here all the capital letters denote rational functions.] 
7. An example should perhaps be given of an algebraical function which 


cannot be expressed in an explicit algebraical form. Such an example is the 
function y defined by the equation 


Gy a0: 
But the proof that we cannot find an explicit algebraical expression for y in 
terms of x is difficult, and cannot be attempted here. 

28. Transcendental functions. All functions of « which 
are not rational or even algebraical are called transcendental 
functions. This class of functions, being defined in so purely 
negative a manner, naturally includes an infinite variety of whole 
kinds of functions of varying degrees of simplicity and importance. 
Among these we can at present distinguish two kinds which are 
particularly interesting. 

E. The direct and inverse trigonometrical or circular 
functions. ‘These are the sine and cosine functions of elementary 
trigonometry, and their inverses, and the functions derived from 
them. We may assume provisionally that the reader is familiar 
with their most important properties *. 


* The definitions of the circular functions given in elementary trigonometry pre- 
suppose that any sector of a circle has associated with it a definite number called its 
area. How this assumption is justified will appear in Ch. VII. b 3 P 
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Examples XV. 1. Draw the graphs of cos z, sin x, and acosv+bsinz. 

[Since a@cosx+6sin z= cos (x—a), where B=,/(a? +b), and a is an angle 
whose cosine and sine are a/,/(a?+0?) and 6/,/(a?+6*), the graphs of these 
three functions are similar in character. ] 


2. Draw the graphs of cos?v, sin?x, acos?#+bsin? x. 


3. Suppose the graphs of f(x) and F'() drawn. Then the graph of 
F (#) cos? w+ F (x) sin? x 
is a wavy curve which oscillates between the curves y=f(2), y=F'(«). Draw 
the graph when f(%)=a2, F'(«)=2%. 


4. Show that the graph of cospxr+cosqr lies between those of 
2cos$(p—q)xv and —2cos$(p+q) 2, touching each in turn. Sketch the 
graph when (p~q)/(p+q) is small. (Math. Trip. 1908.) 


5. Draw the graphs of #+sin x, (1/v)+sin x «sin, (sin x)/x. 


6. Draw the graph of sin (1/2). 

[If y=sin (1/2), then y=0 when #=1/m7, where misany integer. Similarly 
y=1 when #=1/(2m+4) a and y=—1 when r=1/(2m—4) 2. The curve is 
entirely comprised between the lines y= —1 and y=1 (Fig. 13). It oscillates 
up and down, the rapidity of the oscillations becoming greater and greater as 
x approaches 0. For v=0 the function is undefined. When ~ is large y is 
small*, The negative half of the curve is similar in character to the positive 


half. ] , ee i .¢ coe 
a Wye “0 47 {EY 


y 


7. Draw the graph of « sin (1/a). 1. oe 8 ) 
[This curve is comprised between the lines y= — # and y= just as the 
last curve is comprised between the lines y= —1 and y=1 (Fig. 14).] 


Fig. 13. Fig. 14. 


* See Chs. IV and V for explanations as to the precise meaning of this phrase, 


= 
o~— 


Vo 


1 


BE Hn, 


f} 
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8. Draw the graphs of 2xsin (1/2), (1/2) sin (1/2), sin? (1/x), {# sin (1/x)}2, 
a cos? (1/x)+bsin?(1/x), sin+sin (1/x), sin xsin (1/2). 


9. Draw the graphs of cos x, sin, acos22+bsin 2% 


10. Draw the graphs of arccos and arcsing. 


[If y=arccosxv, c=cosy. This enables us to draw the graph of «, con- 
sidered as a function of y, and the same curve shows y as a function of x. 
It is clear that y is only defined for —1swv3sl, and is infinitely many- 
valued for these values of z As the reader no doubt remembers, there is, 
when ~1<#<1l, a value of y between 0 and 7, Say a, and the other values 
of y are given by the formula 2n7+<a, where n is any integer, positive or 
negative. ] 


11. Draw the graphs of 
tana, cotx, secz, cosecx, tan?x, cot?x, sec? XZ, cosec? x, 
12. Draw the graphs of arctan x, arc cot a“, arcsecx, arccosec x. Give 


formulae (as in Ex. 10) expressing all the values of each of these functions 
in terms of any particular value. 


13. Draw the graphs of tan (1/2), cot (1/x), sec (1/2), cosec (1/zx) 


14, Show that cos and sin are not rational functions of x. 

[A function is said to be periodic, with period a, if f(x)=f(#+a) for all 
values of x for which f() is defined. Thus cosz and sin have the period 
27. It is easy to see that no periodic function can be a rational function, 
unless it is a constant. For suppose that 


F (2) =P (x)/Q (2), 


where P and Q are polynomials, and that f(x) =f (w+), each of these equations 
holding for all values of x. Let f(0)=%. Then the equation P (xz)—kQ (x)=0 
is satisfied by an infinite number of Values of 2, viz. v=0, a, 2a, etc., and 


\ therefore for all values of x. Thus (c)=k for all values of x, 1e. f(£) is a 


\ constant. ] i \( 6 aan etl »\ 


15, Show, more generally, that no function with a period can be an 
algebraical function of 2. 
[Let the equation which defines the algebraical function be 
j OE Riya... fete, assdecesses. vessel 
where /?;, ... are rational functions of x This may be put in the form 
Poy®™ + Py" 1+ ...4+Pm=0, 
where Py, P;, ... are polynomials in « Arguing as above, we see that 
Pok™ +P km-14...4+P,,=0 
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for all values of z Hence y=é satisfies the equation (1) for all values of 2, 
and one set of values of our algebraical function reduces to a constant. 


Now divide (1) by y—& and repeat the argument. Our final conclusion is 
that our algebraical function has, for any value of x, the same set of values 
k, kh’, ...3 @e. it is composed of a certain number of constants. | 


16. The inverse sine and inverse cosine are not rational or algebraical 
functions. [This follows from the fact that, for any value of x between — 1 L 
and +1, arc sin and arccos # have infinitely many values. ] | 


29. F. Other classes of transcendental functions. Next 
in importance to the trigonometrical functions come the expo- 
nential and logarithmic functions, which will be discussed in 
Chs. IX and X. But these functions are beyond our range at 
present. And most of the other classes of transcendental func- 
tions whose properties have been studied, such as the elliptic 
functions, Bessel’s and Legendre’s functions, Gamma-functions, 
and so forth, lie altogether beyond the scope of this book. 
There are however some elementary types of functions which, 
though of much less importance theoretically than the rational, 
algebraical, or trigonometrical functions, are particularly instruc- 
tive as illustrations of the possible varieties of the functional 
relation. 


Examples XVI. 1. Let y=[x], where [x] denotes the greatest integer | 
not greater than x. The graph is shown in Fig. 15a. The left-hand end 
points of the thick lines, but not the right-hand ones, belong to the graph. 


2. y=x—[x]. (Fig. 156.) 
ae) lee = | 


UJ 
me V5 (eq = | 


g S) = 0 
Si, (x) = | 


Fig. 15a. Fig. 150. 
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3. y= J/{x—-[x]}. (Fig. 15¢.) 4 y=[2]+J{v-[x]}. (Fig. 15d.) 
y -1 --t Sagal 


5. y=(e-[z])*, [a] + (w - [x]? oe ee ¥2, 3 (o%V4) ee 
6 y=[Ve} (2) Je-[Ve], 22-[o%, [1-23 ' 


Fig. 15¢. Fig. 15d. 


7. Let y be defined as the largest prime factor of x (cf. Exs. x. 6). b 
Then y is defined only for integral values of x. If 


v=1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, ... ’ 
then y=, 2, 3, 2, 5, 3, 7, 2,3, 5,11, 3,13,.... 
The graph consists of a number of isolated points. 


8. Let y be the denominator of x (Exs. x. 7). In this case y is defined 
only for rational values of x. We can mark off as many points on the graph 
as we please, but the result is not in any ordinary sense of the word a curve, 
and there are no points corresponding to any irrational values of x. 

Draw the straight line joining the points (V—1, LV), (N, ), where VN is a 
positive integer. Show that the number of points of the locus which lie on 
this line is equal to the number of positive integers less than and prime to J. 


9. Let y=0 when ~ is an integer, y=x when w is not an integer. The 
graph is derived from the straight line y= by taking out the points 


Got (=1, =), (0, 0), (1, 1), (2, 2), see 
and adding the points (—1, 0), (0, 0), (1, 0), ... on the axis of x. 


The reader may possibly regard this as an unreasonable function. Why, 
he may ask, if y is equal to x for all values of x save integral values, should it 
not be equal to for integral values too? The answer is simply, why should 
7%? The function y does in point of fact answer to the definition of a 
function: there is a relation between # and y such that when « is known y is 
known. We are perfectly at liberty to take this relation to be what we please, 
however arbitrary and apparently futile. This function y is, of course, a quite 
different function from that one which is always equal to x, whatever value, 
integral or otherwise, 7 may have. 
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10. Let y=1 when «is rational, but y=0 when z isirrational. The graph 
consists of two series of points arranged upon the lines y=1 and y=0. To 
the eye it is not distinguishable from two continuous straight lines, but in 
reality an infinite number of points are missing from each line. 


Mi. Let y=x when « is irrational and y=,/{(1+p?)/(1+9?)} when 2 is a 
rational fraction p/g. 


Fig. 16. 


The irrational values of # contribute to the graph a curve in reality dis- 
continuous, but apparently not to be distinguished from the straight line y=w. 


Now consider the rational values of 2. First let x be positive. Then 
J{(1+p?)/(1+¢")} cannot be equal to p/q unless p=q, te. e=1. Thus all 
the points which correspond to rational values of « lie off the line, except 
the one point (1, 1). Again, if p<q, J/i(1+p*)/((1+9)} >p/q; if p>, 
J/{(1+p*)/(1+ 9?) <p/g. Thus the points lie above the line y=a if0<#<], 
belowifz>1. Ifp and q are large, ./{(1+7)/(1+q*)} is nearly equal to p/g. 
Near any value of x we can find any number of rational fractions with large 
numerators and denominators. Hence the graph contains a large number of 
points which crowd round the line y=. Its general appearance (for positive 
values of x) is that of a line surrounded by a swarm of isolated points which 
gets denser and denser as the points approach the line. 


The part of the graph which corresponds to negative values of # consists 
of the rest of the discontinuous line together with the reflections of all these 
isolated points in the axis of y. Thus to the left of the axis of y the swarm 
of points is not round y= but round y= —4, which is not itself part of the 
graph. See Fig. 16. 
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30. Graphical solution of equations containing a single 
unknown number. Many equations can be expressed in the 


form 
PACU CL) ales wnastentte ous eee i); 


where f(a) and ¢ (#) are functions whose graphs are easy to draw. 
And if the curves 


y=f@) y=$(o) 
intersect in a point P whose abscissa is & then & is a root of the 
equation (1). 
Examples XVII. 1. The quadratic equation az?+2br+c=0. This 


may be solved graphically in a variety of ways. For instance we may draw 


the graphs of 
y=ar+2b, y=—e/2, 


whose intersections, if any, give the roots. Or we may tako 


y=, y= —(2bx+e)/a. 
But the most elementary method is probably to draw the circle 
a (a? +y?)4+2b4+ce=0, 
whose centre is (—b/a, 0) and radius {/(b?—ac)}/a. The abscissae of its 
intersections with the axis of x are the roots of the equation. 
2. Solve by any of these methods 
v2+2%-3=0, 2-—Tx4+4=0, 3274+2%-2=0. 
3, The equation 2”+ar+b=0. This may be solved by constructing 


the curves y=2™, y= —axv—b. Verify the following table for the number of 


roots of 
a™+ar+b=0: 


b positive, two or none, 
b negative, two° 


(a) md even | 
a@ positive, one, a 
a negative, three or one. 


(6) m odd { 


Construct numerical examples to illustrate all possible cases. 


4, Show that the equation tanv=az+b has always an infinite number 
of roots. 


on 5. Determine the number of roots of 
> + \ at Od sint=2, sinvz=he, sinz=}x, sinx=yzhor. 
6. Show that if a is small and positive (e.g. a='01), the equation 
2—-a=tr sin? x 
has three roots. Consider also the case in which a is small and negative. 
Explain how the number of roots varies as @ varies. —e > 


| 
sty ha San x G\ ' 
\ ‘ ~~ n= Ve se. ae 
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31. Functions of two variables and their graphical 
representation. In § 20 we considered two variables connected 
by a relation. We may similarly consider three variables (a, y, | 
and z) connected by a relation such that when the values of # and 
y are both given, the value or values of z are known. In this case 
we call z a function of the two variables « and y; # and y the 
independent variables, z the dependent variable; and we express 
this dependence of z upon # and y by writing 


z= f(a, y). 
The remarks of § 20 may all be applied, mutatis mutandis, to this 
more complicated case. 


~The method of representing such functions of two variables 
graphically is exactly the same in principle as in the case of 
functions of a single variable. We must take three axes, OX, OY, 
OZ in space of three dimensions, each axis being perpendicular 
to the other two. The point (a, b, c) is the point whose distances 
from the planes YOZ, ZOX, XOY, measured parallel to OX, OY, 
OZ, are a, 6, and c. Regard must of course be paid to sign, 
lengths measured in the directions OX, OY, OZ being regarded 
as positive. The definitions of coordinates, axes, origin are the 
same as before. 


Now let Zia, wy). 


As « and y vary, the point (a, y, 2) will move in space. The _ 
aggregate of all the positions it assumes is called the locus of the 
point (a, y, 2) or the graph of the function z=/(#,y). When the 
relation between 2, y, and z which defines z can ‘be expressed in an 
analytical formula, this formula is called the equation of the locus. 
It is easy to show, for example, that the equation 2 


Ag+ By+ Cz+D=0 
(the general equation of the first degree) represents a plane, and 
that the equation of any plane is of this form. The equation 
(xw— a +(y—BY+ @— P= P%*, 
or e+ y+ 2+2he+ 2Gy+2Hz +C=0, 


where F?+ G?+ H?—C>0, represents a sphere; and so on. For 
proofs of these propositions we must again refer to text-books of 
Analytical Geometry. 
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32. Curvesina plane. We have hitherto used the notation 


to express functional dependence of y upon w It is evident that 
this notation is most appropriate in the case in which y is ex- 
pressed explicitly in terms of x by means of a formula, as when 
for example 

y=, sing, acos*x+bsin’a. 

We have however very often to deal with functional relations 
which it is impossible or inconvenient to express in this form. 
If, for example, yy—y—w#=0 or #&+y'—ay=0, it is known 
to be impossible to express y explicitly as an algebraical function 
of a if 

e+ y+ 2Ge+2Fy+ C=0, 
y can indeed be so expressed, viz. by the formula 
y=— P+? - 2 -2Ge-—0C); 
but the functional dependence of y upon 2 is better and more 
simply expressed by the original equation. 

It will be observed that in these two cases the functional 
relation is fully expressed by equating a function of the two 
variables « and y to zero, u.e. by means of an equation 


UG) — Oars aan cs wpe teem (2). 
We shall adopt this equation as the standard_method_of 


: expressing the functional relation. It includes the equation (1) 


as a special case, since y T (x) is a special form of a function of « 
and y. We can then speak of the locus of the point (2, y) subject 
to f(a, y)=0, the graph of the function y defined by f(z, y) =0, 
the curve or locus f(a, y)=0, and the equation of this curve or 
locus. 

There is another method of representing curves which is often 
useful. Suppose that # and y are both functions of a third 
variable ¢, which is to be regarded as essentially auxiliary and 
devoid of any particular geometrical significance. We may write 


AO LAD) aaa. ec een aa su snsaee (3). 


If a particular value is assigned to t, the corresponding values of 
wand of y are known. Each pair of such values defines a point 
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(x, y). If we construct all the points which correspond in this 
way to different values of ¢, we obtain the graph of the locus 
defined by the equations (8). Suppose for example 

x=acost, y=asini. 
Let ¢ vary from 0 to 27. Then it is easy to see that the point 
(z, y) describes the circle whose centre is the origin and whose 
radius is a. If ¢ varies beyond these limits, (a, y) describes the 
circle over and over again. We can in this case at once obtain 
a direct relation between # and y by squaring and adding: we 
find that 2? + 4? =a’, t being now eliminated. 


Examples XVIII. 1. The points of intersection of the two curves whose 
equations are f(x, y)=0, d(#, y)=0, where f and @¢ are polynomials, can be 
determined if these equations can be solved as a pair of simultaneous equations 
in z and y. The solution generally consists of a finite number of pairs of 
values of # and y. The two equations therefore generally represent a finite 
number of isolated points. 

2. Trace the curves (v7+y)?=1, zy=1, 22-y?=1. 

3. The curve f(2, y)+\¢ (a2, y)=0 represents a curve passing through 
the points of intersection of f=0 and ¢=0. 

4, What loci are represented by 

(a) w=at+b, y=ottd, (8) w/a=2t/(1+?), yla=(1-#)/(1+e), 
when ¢ varies through all real values ? 


33. Loci in space. In space of three dimensions there are 
two fundamentally different kinds of loci, of which the simplest 
examples are the plane and the straight line. 


A particle which moves along a straight line has only | 
degree of freedom. Its direction of motion is fixed; its position 
can be completely fixed by one measurement of position, e.g. by 
its distance from a fixed point on the line. If we take the line as 
our fundamental line A of Chap. I, the position of any of its points 
is determined by a single coordinate x A particle which moves 
in a plane, on the other hand, has two degrees of freedom; its \ *» 
position can only be fixed by the determination of two coordinates. 


A locus represented by a single equation 
z=f (a, y) 


plainly belongs to the second of these two classes of loci, and ‘is 
ealled a surface. It may or may not (in the obvious simple cases 
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it will) satisfy our common-sense notion of what a_ surface 
should be. 


The considerations of § 31 may evidently be generalised so 
as to give definitions of a function / (a, y, 2) of three variables (or 
of functions of any number of variables). And as in § 32 we 
agreed to adopt f(a, y)=0 as the standard form of the equation 
of a plane curve, so now we shall agree to adopt 


S(%, y 2)=0 


as the standard form of equation of a surface. 


gga DLO 


The locus represented by two equations of the form z=/(a, y) 
or f(a, y, 2)=0 belongs to the first class of loci, and is called 
a curve. Thus a straight line may be represented by two equations 
of the type Av+By+Cz+D=0. A circle in space may be 
regarded as the intersection of a sphere and a plane; it may 
therefore be represented by two equations of the forms 


(w@—al+(y—BP+(e-yP=p', Ag+ By+ Cz+D=0. 


Examples XIX. 1. What is represented by three equations of the type 
SF (& % z)=07 

2. Three linear equations in general represent a single point. What are 
the exceptional cases ? 


3. What are the equations of a plane curve f(x, y)=0 in the plane YOY, 
when regarded as a curve in space? [f(x y)=0, z=0.] 


4. Cylinders. What is the meaning of a single equation f(z, y)=0, 
considered as a locus in space of three dimensions ? 


[All points on the surface satisfy f(«, y)=0, whatever be the value of z. The 
curve f(z, y)=0, 2=0 is the curve in which the locus cuts the plane XOF. 
The locus is the surface formed by drawing lines parallel to OZ through all 
points of this curve. Such a surface is called a cylinder.] 


5 Graphical representation of a surface on a plane. Contour Maps. 
It might seem to be impossible to represent a surface adequately by a 
drawing on a plane; and so indeed it is: but a very fair notion of the 
nature of the surface may often be obtained as follows. Let the equation of 
the surface be z=/ (x, y). 


If we give za particular value a, we have an equation f(z, y)=a, which 
we may regard as determining a plane curve on the paper. We trace this 
curve and mark it (a). Actually the curve (a) is the projection on the plane 
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XOY of the section of the surface by the plane z=a. We do this for all 
values of a (practically, of course, for a selection of values of a). We obtain 
some such figure as is shown in Fig. 17. It will at once suggest a contoured 
Ordnance Survey map: and in fact this is the principle on which such maps 
are constructed. The contour line 1000 is the projection, on the plane of the 
sea level, of the section of the surface of the land by the plane parallel to the 
plane of the sea level and 1000 ft. above it*. 


—— 


Fig. 17. 


6. Draw a series of contour lines to illustrate the form ‘of the surface 
22= 3xry. 


7. Right circular cones. Take the origin of coordinates at the 
vertex of the cone and the axis of z along the axis of the cone; and let a be 


the semi-vertical angle of the cone. The equation of the cone (which must , 


be regarded as extending both ways from its vertex) is 72+? —z? tan? a=0. 


8. Surfaces of revolution in general. The cone of Ex. 7 cuts ZOYX in 
two lines whose equations may be combined in the equation 2?=2 tan?a. 
That is to say, the equation of the surface generated by the revolution of 
the curve y=0, v?=z? tan? a round the axis of z is derived from the second of 
these equations by changing 2? into «?+y% Show generally that the equation 
of the surface generated by the revolution of the curve y=0, v=/(z), round 
the axis of z, is 


Netty) =f) 


9. Cones in general. <A surface formed by straight lines passing 
through a fixed point is called a cone: the point is called the verter. A 
particular case is given by the right circular cone of Ex. 7. Show that the 
equation of a cone whose vertex is O is of the form f(z/x, z/y)=0, and that any 
equation of this form represents a cone. [If (x, y, z) lies on the cone, so must 
(Ax, AY, Az), for any value of A.] . 


* We assume that the effects of the earth’s curvature may be neglected. 


so 
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10. Ruled surfaces. Cylinders and cones are special cases of surfaces 
composed of straight lines. Such surfaces are called ruled surfaces. 


The two equations 
POZE Uy C2 4-0. vacsncsscentessscnssanesaseecsen (1) 


represent the intersection of two planes, z.e. a straight line. Now suppose 
that a, b, c, d instead of being fixed are functions of an auxiliary variable t. 
For any particular value of ¢ the equations (1) give a line. As ¢ varies, 
this line moves and generates a surface, whose equation may be found by 
eliminating ¢ between the two equations (1). For instance, in Ex. 7 the 
equations of the line which generates the cone are 


v=ztanacost, y=ztanasin#, 


where ¢ is the angle between the plane YOZ and a plane through the line and 
the axis of z. 


Another simple example of a ruled surface may be constructed as follows. 
Take two sections of a right circular cylinder perpendicular to the axis and 
at a distance J apart (Fig. 18a). We can imagine the surface of the cylinder 
to be made up of a number of thin parallel rigid rods of length /, such as PQ, 
the ends of the rods being fastened to two circular rods of radius a. 


Now let us take a third circular rod of the same radius and place it 
round the surface of the cylinder at a distance A from one of the first two 
rods (see Fig. 18a, where Pg=h). Unfasten the end Q of the rod PQ and 
turn PQ about P until @ can be fastened to the third circular rod in the 
position @. The angle g0Q’=a in the figure is evidently given by 

22 —h2=¢Q?=(2a sin $a)’. 
Let all the other rods of which the cylinder was composed be treated in the 
same way. We obtain a ruled surface whose form is indicated in Fig. 18 6. 
It is entirely built up of straight lines; but the surface is curved everywhere, 
and is in general shape not unlike certain forms of table-napkin rings (Fig. 18¢). 


Bw Sad 


eA 


Q 


Vig. 18 a. Fig. 180. . Hip. ase. 
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MISCELLANEOUS EXAMPLES ON CHAPTER IL 


1. Show that if y=f(#)=(aa+ 6)/(c# —a) then r=f(y). 


2. If f(#)=f(—2) for all values of x, f(x) is called an even function. 
If f(a)= —f(—2), it is called an odd function. Show that any function of 2, 
defined for all values of x, is the sum of an even and an odd function of 2. 


[Use the identity f(2)=${f (w) +f (—2)} +4{f(@) -F(-2)}.] 
3. Draw the graphs of the functions 

8sinxz+4cosx, sin (55 sin r) . (Math. Trip. 1896.) 
4, Draw the graphs of the functions | 


=e “ae 
sin # (a cos’ x-+b sin® 2), — (a cos? 4+ sin? x), Ge =) ; 
5. Draw the graphs of the functions «[1/#], [«]/2. 


6. Draw the graphs of the functions 
(i) arecos (2x2—1)—2 arc cos 2, 


x 


(ii) are tan — a 


where the symbols arccosa, arc tana denote, for any value of a, the least 
positive (or zero) angle, whose cosine or tangent is a. 


—arctan a—arc tan 4, 


7. Verify the following method of constructing the graph of f {¢ ()} by 
means of the line y= and the graphs of f(x) and ¢ (wv): take OA = along 
OX, draw AB parallel to OY to meet y=¢ (x) in B, BC parallel to OX to 
meet y=x in C, CD parallel to OY to meet y=f(x) in D, and DP parallel to 
OX to meet AB in P; then P is a point on the graph required. | 


8. Show that the roots of 2°+px+q=0 are the abscissae of the points of 

intersection (other than the origin) of the parabola y=? and the circle 
eP+y+(p-ljytgqu=0. 

9. The roots of «t+na3+px?+qc+r=0 are the abscissae of the points of 

intersection of the parabola 7?=y—4nz and the circle 
wP+yt (ln?—$pn+3n+g) ot+(p-1— gn") y+r=0. 
10. Discuss the graphical solution of the equation 
xo” + ar? + br+ce=0 

by means of the curves y=a2™, y= —aa®—b«—c. Draw up a table of the 


various possible numbers of roots. 


11. Solve the equation sec 6+cosec 6=2./2; and show that the equation 
sec + cosec @=c has two roots between 0 and 2m if c2<8 and four if c?>8. 


Jb 9) 


% 
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12. Show that the equation 
2v=(2n+1) wr (1—cos 2), 
where » is a positive integer, has 2n+3 roots and no more, indicating 
their localities roughly. (Math. Trip. 1896.) 
13. Show that the equation #vsinzv=1 has four roots between — 7a 
and rr. 
14, Discuss the number and values of the roots of the equations 
(1) cota4+x-27=0, (2) -a-rsinta=1, (3) tan r=22/(1+.27), 
(4) sing-xv+4a5=0, (5) (1-cosx) tana—x#+sin7=0. 
15. The polynomial of the second degree which assumes, when z=a, b, c 
the values a, B, y is 
(x — 5) (m= ¢) (@—c) (w@—-a) 1 (a — a) (a—b) 
(a=) (a—e) "" (b=0)(b=a) *Y (=a) (-0) 
Give a similar formula for the polynomial of the (n—1)th degree which 
assumes, when £=4, deg, ... An, the values ay, ag, ... dy: 


16. Find a polynomial in « of the second degree which for the values 
0, 1, 2 of # takes the values 1/c, 1/(e+1), 1/(e+2); and show that when 
x=c+2 its value is 1/(c+1). : (Math. Trip. 1911.) 


17. Show that if x is a rational function of y, and y is a rational function 
of w, then Avy+ Br+Cy+D=0. 


18. Ify is an algebraical function of x, then x is an algebraical function 
of ¥. 


19. Verify that the equation 
cos $rv=1 - —————__.—~ 

t+(¢-1) a/ (37) 

is approximately true for all values of z between 0 and 1. [Take x=0, }, }, 

$, %, 8, 1, and use tables. For which of these values is the formula exact ?] 


20. What is the form of the graph of the functions, 
e=[e]+[y] 2=e+y-[x]-[y]? 


21. What is the form of the graph of the functions z=sin7+siny, 
z=sinvsiny, 2=sinwy, z=sin (27?+y7)? 


22. Geometrical constructions for irrational numbers. In Chapter I 
we indicated one or two simple geometrical constructions for a length equal to 
./2, starting from a given unit length. We also showed how to construct 
the roots of any quadratic equation az?+2br%+c=0, it being supposed that 
we can construct lines whose lengths are equal to any of the ratios of the 
coefficients a, b,c, as is certainly the case if a, 6,¢ are rational. All these con- 
structions were what may be called Euclidean constructions; they depended 
on the ruler and compasses only. 
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It is fairly obvious that we can construct by these methods the length 
measured by any irrational number which is defined by any combination of 
square roots, however complicated. Thus 


4 17+3,/11 17-3,/11 

tN Game Mie all 
is a case in point. This expression contains a fourth root, but this is of 
course the square root of a square root. We should begin by constructing 
/11, eg. as the mean between 1 and 11: then 174+3,/11 and 17-3,/11, and 
soon. Or these two mixed surds might be constructed directly as the roots of 
x? —347+190=0, 

Conversely, only irrationals of this kind can be constructed by Euclidean 


And hence we can construct the line Av+ By +C=0, provided that the ratios 
of A, B, Care rational, and the circle 

(w= a)-+(y-pP=p? 
(or a*7+4?+-29gxv+2fy+c=0), provided that a, B, p are rational, a condition 
which implies that g, 7, ¢ are rational. 

Now in any Euclidean construction each new point introduced into the 
figure 1s determined as the intersection of two lines or circles, or a line and 
acircle. But if the coefficients are rational, such a pair of equations as 

Az+Dy+C=0, v+y?+2gr+2fy+c=0 
give, on solution, values of # and y of the form m+7n,/p, where m, n, p are 
rational: for if we substitute for x in terms of y in the second equation we 


~ 
methods. Starting from a unit length we can construct any rational length. 


obtain a quadratic in y with rational coefficients. Hence the coordinates of | , 


all points obtained by means of lines and circles with rational coefficients | 
are expressible by rational numbers and quadratic surds. And so the same | 


is true of the distance ,/ Nera (4 — — yo) between any two points so 
obtained. 


With the irrational distances thus constructed we may proceed to construct 
a number of lines and circles whose coefficients may now themselves involve 
quadratic surds. It is evident, however, that all the lengths which we can 
construct by the use of such lines and circles are still expressible by square 
roots only, though our surd expressions may now be of a more complicated 
form. And this remains true however often our constructions are repeated. 
Hence Luclidean methods will construct any surd expression involving square 
roots only, and no others, 


One of the famous problems of antiquity was that of the duplication of 
the cube, that is to say of the construction by Euclidean methods of a 
length measured by x/2. It can be shown that ./2 cannot be expressed by 
means of any finite combination of rational numbers and square roots, and so 
that the problem is an impossible one. See Hobson, Squaring the Circle, 
pp. 47 et seqg.; the first stage of the proof, viz. the proof that ,/2 cannot be a 
root of a quadratic equation az?+2br%+c=0 with rational coefficients, was 
given in Ch. I (Misc. Exs, 24). 

h3y 5—2 
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23. Approximate quadrature of the circle. Let O be the centre of 
a circle of radius 2. On the tangent at A take AP=14 2 and AQ=12R, 
in the same direction. On AO take AV=OP and draw NW parallel to 
O@ and cutting AP in Jf. Show that 


AM/R=33 /146, 


and that to take AJ/ as being equal to the circumference of the circle would 
lead to a value of mw correct to five places of decimals. If & is the earth’s 
radius, the error in supposing A J/ to be its circumference is less than 11 yards. 


24. Show that the only lengths which can be constructed with the ruler 
only, starting from a given unit length, are rational lengths. 


25. Constructions for 3/2. O is the vertex and S the focus of the 
parabola y?=4, and P is one of its points of intersection with the parabola 
g*=Qy. Show that OP meets the latus rectum of the first parabola in a point 
Q such that SQ=/2. 


26. Take a circle of unit diameter, a diameter OA and the tangent at A. 
Draw a chord OBC cutting the circle at B and the tangent at C. On this 
line take OM=BC. Taking O as origin and OA as axis of wv, show that the 
locus of Af is the curve 

(2249?) o-y2=0 
(the Cissotd of Diocles). Sketch the curve. Take along the axis of ya length 
OD=2. Let AD cut the curve in P and OP cut the tangent to the circle 
at A in @. Show that 4Q=,/2, 


CHAPTER III 
COMPLEX NUMBERS 


34. Displacements along a line and in a plane. The 
‘real number’ w, with which we have been concerned in the two 
preceding chapters, may be regarded from many different points 
of view. It may be regarded as a pure number, destitute of 
geometrical significance, or a geometrical significance may be 
attached to it in at least three different ways. It may be re- 
garded as the measure of a length, viz. the length A,P along the 
line A of Chap. I. It may be regarded as the mark of a point, 
viz. the point P whose distance from A, is 2 Or it may be 
regarded as the measure of a displacement or change of position 
on the line A. It is on this last point of view that we shall now 
concentrate our attention. 


Imagine a small particle placed at P on the line A and then 
displaced to Q. We shall. call the displacement or change of 
position which is needed to transfer the particle from P to Q the 
displacement PQ. To specify a displacement completely three 
things are needed, its magnitude, its sense forwards or backwards 
along the line, and what may be called its point of application, 
ae. the original position P of the particle. But, when we are 
thinking merely of the change of position produced by the dis- 
placement, it is natural to disregard the point of application and 
to consider all displacements as equivalent whose lengths and 
senses are the same. Then the displacement is completely speci- 
fied by the length PQ =~, the sense of the displacement being 
fixed by the sign of a We may therefore, without ambiguity, 
speak of the displacement [x]*, and we may write PQ=[z]. 


* It is hardly necessary to caution the reader against confusing this use of the 
symbol [x] and that of Chap. II (Exs. xvr. and Misc. Exs.). 
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We use the square bracket to distinguish the displacement [wx] 
from the length or number «*. If the coordinate of P is a, that 
of Q will be a+a; the displacement [#] therefore transfers a 
particle from the point a to the point a+za. 


We come now to consider displacements in a plane. We may 


define the displacement PQ as before. But now more data are 
required in order to specify it completely. We require to know: 

(i) the magnitude of the displacement, ie. the length of the 
straight line PQ; (11) the direction of the displacement, which 1s 
determined by the angle which PQ makes with some fixed line in 
the plane; (iii) the sense of the displacement; and (iv) its point 
of application. Of these requirements we may disregard the 
fourth, if we consider two displacements as equivalent if they are 
the same in magnitude, direction, and sense. In other words, if 
PQ and RS are equal and parallel, and the sense of motion from 


P to Q is the same as that of 
a ; 
R 


Y 


motion from & to S, we regard 


the displacements PQ and RS as 
equivalent, and write 


PQ= BS. 

Now let us take any pair of 
coordinate axes in the plane (such a Fig. 19. 
as OX, OY in Fig. 19). Draw a 
line OA equal and parallel to PQ, the sense of motion from 0 
to A being the same as that from P to Q. Then PQ and OA 
are equivalent displacements. Let « and y be the coordinates 
of A. Then it is evident that OA is completely specified 


if w and y are given. We call OA the displacement [, y] and 
write 


RP 


OA = PQ=RS=[z, y]. 


* Strictly speaking we ought, by some similar difference of notation, to dis- 
tinguish the actual length x from the number x which measures it. The reader 
will perhaps be inclined to consider such distinctions futile and pedantic. But 
increasing experience of mathematics will reveal to him the great importance of 
distinguishing clearly between things which, however intimately connected, are nof 
the same. If cricket were a mathematical science, it would be very important to 
distinguish between the motion of the batsman between the wickets, the run which 
he scores, and the mark which is put down in the score-book. 
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35. Equivalence of displacements. Multiplication of 
displacements by numbers. If & and 7n are the coordinates 
of P, and & and 7’ those of Q, it is evident that 

a= & — E, y= —%. 
The displacement from (&, 7) to (&’, »’) is therefore 
le = & 7 =n} 


It is clear that two displacements [a, ¥], [z’, y'] are equivalent 
if, and only if, =a, y=y’. Thus [a, y]=[2’, y’] if and only if 


The reverse displacement QP would be [€—&, » — ’], and it 
is natural to agree that 


Bae 7a 6 7 — a) 
QP =— PQ, 
these equations being really definitions of the meaning of the 
symbols —[&’— &, »’—n], -PQ. Having thus agreed that 


» Hal} set 
it is natural to agree further that 
Cle, Wieetla sO) .ecccths. 1s ctemees cael (2), 


where a is any real number, positive or negative. Thus (Fig. 19) 
if OB=—40A then 


OB=-}0d =-4[«, y]=[- 42, —4y] 


The equations (1) and (2) define the first two important ideas 
connected with displacements, viz. equivalence of displacements, 
and multiplication of displacements by numbers. 


36. Addition of displacements. We have not yet given 
any definition which enables us to attach any meaning to the 
expressions 


PQ+PQ, [ae yl+le, y'. 


Common sense at once suggests that we should define the sum 
of two displacements as the displacement which is the result 
of the successive application of the two given displacements. In 
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other words, it suggests that if QQ, be drawn equal and parallel 
to P’Q’, so that the result of successive displacements PQ, P’Q’ on 
a particle at P is to transfer it first to Q and then to Q,, then we 
should define the sum of PQ and P’Q’ as being PQ,. If then we 
draw OA equal and parallel to PQ, and OB equal and parallel to 
P’Q, and complete the parallelogram OACB, we have 


PQ+ PQ =PQ=04+4+ 0B= 00. 


aes 
oe 
BY 


Fig. 20. 


Let us consider the consequences of adopting this definition. 
If the coordinates of B are 2’, y’, then those of the middle point of 
AB are }(a+2’), $(y+y’), and those of C are a+a’, y+y’. Hence 


(2, y] +(e, y]=[@+e, yt Ce Mikcagtennec cat (3), 


which may be regarded as the symbolic definition of addition of 
displacements. We observe that 


[w', yy] +[ yJ=[e +e, +y] 
=[e+e,yt+y]=[% y]+[e¥] 

In other words, addition of displacements obeys the commutative 
law expressed in ordinary algebra by the equation a+b=b+a, 
This law expresses the obvious geometrical fact that 1f we move 
from P first through a distance PQ, equal and parallel to PQ’, 
and then through a distance equal and parallel to PQ, we shall 
arrive at the same point Q, as before. 
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In particular 
Lae 0] OY Oy... ceiwiiienes. 2.0000 (4). 
Here [x, 0] denotes a displacement through a distance # in 
a direction parallel to OX. It is in fact what we previously 
denoted by [«], when we were considering only displacements 
along a line. We call [w, 0] and [0, y] the components of [z, y], 
and [a, y] their resultant. 


When we have once defined addition of two displacements, 
there is no further difficulty in the way of defining addition of 
any number. Thus, by definition, 


[ey y)+[o,y¥] +2 ¥1=C¢ yt YD +e 9] 
=[a+a,yty)+[e, yaletereyty ty’) 
We define subtraction of displacements by the equation 
[= yI— [x y’J=[e, y+ (HL, oD) eee (5), 


which is the same thing as [#, y] +[- 2’, —y'] or as le— ao, yr yh 
In particular 


Lv, yJ—- Lv, y] =[9, 0}. 
The displacement [0, 0] leaves the particle where it was; it is 
the zero displacement, and we agree to write [0, 0] =0. 


Examples XX. 1. Prove that 
(i)  a[@w, By]=B [ax, ay]=[aBe, aBy], | 
Gi) (le y) +h, JD +1" a’ =[@ 4 141 "Ds 
(ii) y)+[e, YI=[, y+ 9), 
(iv) (a+8)[2, y]=a[x, y]+8[2, y] 
(v) aff, y)+[7, /}=ale, yl+e[*, 
[We have already proved (iii). The remaining equations follow with equal 


ease from the definitions. The reader should in each case consider the 
geometrical significance of the equation, as we did above in the case of (iii). ] 


2, If Mis the middle point of PQ, then OM=} (OP+0Q@). More generally, 
if UM divides PQ in the ratio »:A, then 


3. If Gis the centre of mass of equal particles Ste PigiPesucheln, then 
=(OP, + OP; + ...+0P,)|. 
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4, If P, Q, R are collinear points in the plane, then it is possible to find 
real numbers a, §, y, not all zero, and such that 


a. OP+8. 0Q+y.OR=0; 
and conversely. [This is really only another way of stating Ex. 2.] 


5. If AB and AC are two displacements not in the same straight line, 
and 
a, AB+B.AC=y. AB+8. AC, 

then a=y and B=6. 

[Take 4B,=a.AB, ACj=B.AC. Complete the parallelogram AB,P,C,. 
Then AP,=a.AB+8.A0, It is evident that AP, can only be expressed 
in this form in one way, whence the theorem follows. ] 


6. ABCD is a parallelogram. Through Q, a point inside the paral- 
lelogram, ROS and 7QU are drawn 
parallel to the sides. Show that 
RU, TS intersect on AC. 


[Let the ratios AT’: AB, AR: AD 
be denoted by a, 8. Then 


AT=a ge 


sO sao 


AU=a.AB+AD, AS=AB+8. AD. 


Let RU meet AC in P. Then, A T B 
since R, U, P are collinear, Hig. 21. 


Cc 


ees \ eee Soa 
APS agit 
maa were 


where p/A is the ratio in which P divides RU. That is to say 


But since P lies on AC, AP is a numerical multiple of AC; say 
AP=k. AC=k. AB+k. AD. 
Hence (Ex. 5) avz=SA+p=(A+p) &, from which we deduce 


er cise 
ar +B— 
The symmetry of this result shows that a similar argument would also give 
_— <a Sem 
A = AC, 
at+tp—- 


if P’ is the point where 7’S meets AC. Hence P and P’ are the same point.] 


7. ABCD isa parallelogram, and MU the middle point of AD. Show that 
DM trisects and is trisected by AC*. 


* The two preceding examples are taken from Willard Gibbs’ Vector Analysis. 
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37. Multiplication of displacements. So far we have Ss 


made no attempt to attach any meaning whatever to the notion 
of the product of two displacements. The only kind of multipli- 
cation which we have considered is that in which a displacement 
is multiplied by a number. The expression 


[x y]xle,y] 
so far means nothing, and we are at liberty to define it to mean 
anything we like. It is, however, fairly clear that if any definition 
of such a product 1s to be of any use, the product of two displace- 
ments must itself be a displacement. 
We might, for example, define it as being equal to 
[ere yty); 

in other words, we might agree that the product of two displace- 
ments was to be always equal to their sum. But there would be 
two serious objections to such a definition. In the first place our 
definition would be futile. We should only be introducing a new 
method of expressing something which we can perfectly well 
express without it. In the second place our definition would be 
inconvenient and misleading for the following reasons. If a is 
a real number, we have already defined a[w, y] as [aw, ay]. Now, 
as we saw in § 34, the real number a may itself from one point of 
view be regarded as a displacement, viz. the displacement [a] 
along the axis OX, or, in our later notation, the displacement 
[a, 0]. It is therefore, if not absolutely necessary, at any rate 
most desirable, that our definition should be such that 


[a, 0] [@, y]=[ae, ay], 
and the suggested definition does not give this result. 


A more reasonable definition might appear to be 
[ay] [es y]=[22", yy’): 


[a, O] [x y]=[ax, 0]; 
and so this definition also would be open to the second objection. 


But this would give 


In fact, it is by no means obvious what is the best meaning 
to attach to the product [a, y][a’, y’]. All that is clear is (1) that, 
if our definition is to be of any use, this product must itself be 
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a displacement whose coordinates depend on # and y, or in other 
words that we must have 


[x,y] lv, ¥J=LX, ¥], 
where X and Y are functions of a, y, 2’, and y’; (2) that the 
definition must be such as to agree with the equation 

[~, O] [#’, y'] = [ae’, ay’); 
and (8) that the definition must obey the ordinary commutative, 
distributive, and associative laws of multiplication, so that 


[x,y] [#, yJ=[o, y'] Le 9), 
(2, y}+ le yD le", y= Le yD oT [ey] Le 9"), 
[zy] ey +e. y Dale yl ley] +e yl le, 9), 
and [a, y] (ey [2 7 D)=(Ce yl [2 y')) [2 y'} 
38. The right definition to take is suggested as follows. We 


know that, if OAB, OCD are two similar triangles, the angles 
corresponding in the order in which they are written, then _ 


OB/OA =OD/OC, 
or OB.OC=O0A.OD. This suggests that we should try to define 
multiplication and division of displacements in such a way that 


OB/OA =0D/0G, OB.00=04. OD. 


Now let 
OB= [x, ¥], 0C= [a’, y'], OD= Lx, #], 
OD 


Fig. 22. 
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and suppose that A is the point (1, 0), so that OA =[1, 0]. Then 
OA.OD=[l, 0] LX, Y]=[X, VY], 

and so (ere dilat<a |=, Yi 

The product OB.OC is therefore to be defined as OD, D being 
obtained by constructing on OC a triangle similar to OAB. In 
order to free this definition from ambiguity, it should be observed 
that on OC we can describe two such triangles, OCD and OCD’. 
We choose that for which the angle COD is equal to AOB in sign 


as well as in magnitude. We say that the two triangles are then 
simular in the same sense. 


If the polar coordinates of B and C are (p, @) and (ce, ¢), so 
that 


z=pcos@, y=psind, “=ccos¢, xy =csindg, 
then the polar coordinates of D are evidently po and 0+. Hence 
X =po cos (6+ ¢) = aa’ — yy’, 
Y = po sin(@+ $) =ay' + ya’. 
The required definition is therefore 
[x,y] Lo’, y] = [ea! — yy’, wy! + yt!) cececeeceeee (6). 
We observe (1) that if y=0, then X =a2', Y=ay/’, as we 


desired ; (2) that the right-hand side is not altered if we inter- 
change @ and a’, and y and y’, so that 


and (3) that [a yl Le, y]=[e, ¥ Le, 91; 


le y]+ [oye yaleto yt y Tle’, 
=[@ra)a—yty)y’, @+a2)y"+yty)e] 
= [wa — yy", ay” + yao") + [ala — y'y”, ay” + ya] 
=[a, Jl y]+[e, y V2", y’) 
Similarly we can verify that all the equations at the end of § 37 


are satisfied. Thus the definition (6) fulfils all the requirements 
which we made of it in § 37, 


Example. Show directly from the geometrical definition given above ~ 
that multiplication of displacements obeys the commutative and distributive 


laws. [Take the commutative law for example. The product OB. OC is OD 
(Fig. 22), COD being similar to AOB. To construct the product O00. OB we 
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should have to construct on OB a triangle BOD, similar to AOC; and so what 
we want to prove is that D and D, coincide, or that BOD is similar to AOC. 
This is an easy piece of elementary geometry. | 


39. Complexnumbers. Just as to a displacement [z] along 
OX correspond a point (#) and a real number 2, so to a displace- 
ment [#, y] in the plane correspond a point (a, y) and a oe 
of real numbers «x, ¥. 


We shall find it convenient to denote this pair of real numbers 
x, y by the symbol 
L+ Yr. 
The reason for the choice of this notation will appear later. 
For the present the reader must regard w + yi as simply another 
way of writing [x,y]. The expression x+y 1s called a complex_ 
number. 


We proceed next to define equivalence, addition, and multiplica- 
tion of complex numbers. To every complex number corresponds 
a displacement. Two complex numbers are equivalent if the 
corresponding displacements are equivalent. ‘The sum or product 
of two complex numbers is the complex number which corresponds 
to the sum or product of the two corresponding displacements. 


Thus 


ENE). = (1 S/O TE RE (1), 

if and only ifa#=a', y=y'; 
(a+ yt) t+ (a + yt) =(@ta)t(Y HY) tice 2); 
(a + yt) (ae +40) =an' — yy + (ay +Yy2")t.. (8). 


In particular we have, as special cases of (2) and (38), 
e+ yi =(a+01)+ (04 2), | 
(x + 02) (a! + yt) = wa" + wy’; 
and these equations suggest that there will be no danger of 


confusion if, when dealing with complex numbers, we write # for 
2+ 0¢ and yi for 0 + yz, as we shall henceforth. 


Positive integral powers and polynomials of complex ‘numbers 
are then defined as in ordinary algebra. Thus, by putting =a’, 
y=y' in (3), we obtain 

(e+tyyr=(ety) (ety)=2 —Y? + 2ayi 
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The reader will easily verify for himself that addition and 
multiplication of complex numbers obey the laws of algebra 
expressed by the equations 


at yit(a +yt)=(2 + y't)+ (e+ yi), 
(a+ yt) +(x + y0)} +(e" ty") = (et yi) t {Ce ty) +(e" + yh, 
(2+ yr) (a + yt) = (a + yt) (w@+ yt), 
(ety) {a +yt)+(2" + yf = (e+ yt) (e+ yi) + (e+ yi) 0" +), 
(atyi)+(a+yt)} (a+ y"t)=(@ + yi) (a + yt) + (a! + yt) (a +0), 
(a + yt) {(a! + yt) (a + YD) = (wt yi) (a! + y'A)} (a + 2), 


the proofs of these equations being practically the same as those 
of the corresponding equations for the corresponding displace- 
ments. 


Subtraction and division of complex numbers are defined as 
in ordinary algebra. Thus we may define (# + yi) — (a + yi) as 


(at y)+{-W+yi)} =a+yit(-a -yi=(@-2')+y—-y)t; 
or again, as the number £ +7 such that 
(a + yt) + (E+ mm) =a+yi, 


which leads to the same result. And («+ yi)/(2’ + y’2) is defined 
as being the complex number £+ 7 such that 


(a +yi)(Etm)=a+yi, 
or wE—ynt(enty bizar yi, 
or WBE yn=a, WARP EHAY cecccccrccscess (4), 
Solving these equations for & and y, we obtain 


= an’ + yy! _ y% — xy’ 
a? a yf? 5) ] a? us yf? ° 


This solution fails if x and y are both zero, ie. if 2 +y'i=0. 
Thus subtraction is always possible; division is always possible 
unless the divisor is zero. 


— 
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Examples. (1) From a geometrical point of view, the problem of the 
division of the displacement OB by OC is that of finding D so that the triangles 
COB, AOD are similar, and this is 
evidently possible (and the solution B 
unique) unless C coincides with O, or 
0C=0. 

(2) The numbers 7+ y2, «—yi are 
said to be conjugate. Verify that 

(n+yi) (e-yi)=a2+y, 
so that the product of two conjugate 
numbers is real, and that 
Lryt — (we+yt) (a -y2) 
w+yt (a +y't) @—yt) 
Se Oe 
eas wey’ : 


Fig. 23. 


40. One most important property of real numbers is that 
known as the factor theorem, which asserts that the product of two 


\ numbers cannot be zero unless one of the two is itself zero. To 


‘prove that this is also true of complex numbers we put 2 =0, 


y = 0 in the equations (4) of the preceding section. Then 
v&—y'n=0, ant+y¥E=0. 
These equations give §=0, 7 =0, we. 
E+m=0, 

unless a =0 and y’=0, or a’ +y1=0, Thus «+ yr cannot vanish 
unless either a’ + yt or & + nt vanishes. 

41. The equation :?=~—1. We agreed to simplify our 
notation by writing x instead of x + Oz and yt instead of 0 + y2. 
The particular complex number 17 we shall denote simply by 2. 


It is the number which corresponds to a unit displacement along 
OY. Also | 
P= = (0412) (04+ 1) =(0.0—-1.1)4+(0.141.0)t=-1. 
Similarly (-7)?=—1. Thus the complex numbers 7 and —7 
satisfy the equation 2?=— 1. 
The reader will now easily satisfy himself that the upshot of 
the rules for addition and multiplication of complex numbers is 


this, that we operate with complex numbers in exactly the same 
way as with real numbers, treating the symbol 1 as itself a number, 
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but replacing the product w=? by—1 whenever it occurs. Thus, 
for example, 
(e+ yt) (ec + Y'2) = aa! + yt + ya't + yy’? 
= (wa' — yy’) + (ay + ye’) 1. 

42. The geometrical interpretation of multiplication 

by 7. Since | 
(e+ yt)t=— y+ a1, 


it follows that if «+ yi corresponds to OP, and OQ is drawn equal 
to OP and so that POQ is a positive right angle, then (a+ yi)1 


corresponds to OQ. In other words, multiplication of a complex 
number by % turns the corresponding displacement through a right-—— 


angle, 


We might have developed the whole theory of complex 
numbers from this point of view. Starting with the ideas of 
# as representing a displacement along O.X, and of 7 as a symbol 


of operation equivalent to turning # through a right angle, we. 


should have been led to regard yi as a displacement of magnitude 
y along OY. It would then have been natural to define x + yi as 
in §§ 37 and 40, and («+ y1)t would have represented the dis- 
placement obtained by turning «+y. through a right angle, 
ue. — y +t. Finally, we should naturally have defined (a+ y2) a’ 
as aa! + yo't, (w+ yt) yt as — yy" + ay’t, and (w a yr) (a + y't) as the 
sum of these displacements, 7.e. as 


aa! — yy! + (ay! + ya’) 2. 


43, The equations z?+1=0, az?4+2bz+c=0. There is no 
real number z such that 22+1=0; this is expressed by saying 
that the equation has no real roots. But, as we have just seen, 
the two complex numbers «4 and —7 satisfy this equation. We 
express this by saying that the equation has the two complex roots 
zand —1. Since 7 satisfies 22=—1, it is sometimes written in the 
form /(— 1). 

Complex numbers are sometimes called tmaginary*. The 
expression is by no means a happily chosen one, but it is firmly 


* The phrase ‘real number’ was introduced as an antithesis to ‘imaginary 
number’. 


H. 6 


— anal 
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established and has to be accepted. It cannot, however, be too 
strongly impressed upon the reader that an ‘imaginary number’ 
is no more ‘ imaginary ’, in any ordinary sense of the word, than a 
‘real’ number; and that it is not a number at all, in the sense in 
which the ‘real’ numbers are numbers, but, as should be clear from 
the preceding discussion,a pair of numbers (x, y), united symbolically, 
\for purposes of technical convenience, in the form #+yi. Such 
‘a pair of numbers is no less ‘real’ than any ordinary number 
such as 4, or than the paper on which this is printed, or than 
the Solar System. Thus 
, =0+11 


stands for the pair of numbers (0, 1), and may be represented 
geometrically by a point or by the displacement [0, 1]. And 


| when we say that 7 is a root of the equation 2?+ 1=0, what we 
/ mean is simply that we have defined a method of combining such 


pairs of numbers (or displacements) which we call ‘multiplica- 
tion’, and which, when we so combine (0, 1) with itself, gives the 
result (— 1, 0). 
Now let us consider the more general equation 
az? + 2bz+c=0, 


where a, b, c are real numbers. If b?> ac, the ordinary method of 
solution gives two real roots 


{—b + V(b —ac)}/a. 
If b? <ac, the equation has no real roots. It may be written in 
the form 

{z + (b/a)}? = — (ac — b*)/a, 

an equation which is evidently satisfied if,we substitute for 
z+(b/a) either of the complex numbers +7/(ac—0*)/a*. We 
express this by saying that the equation has the two complex roots 

{—b + iv(ac —b4)}/a. 

If we agree as a matter of convention to say that when 6° = ac 

(in which case the equation is satisfied by one value of 2 only, 
viz. —b/a), the equation has two equal roots, we can say that 
a quadratic equation with real coefficients has two roots an all 
cases, either two distinct real roots, or two equal real roots, or two 
distinct complex roots. 


* We shall sometimes write «+iy instead of x+yi for convenience in printing. 


43 | COMPLEX NUMBERS 83 


The question is naturally suggested whether a quadratic 
equation may not, when complex roots are once admitted, have 
more than two roots. It is easy to see that this is not possible. |< 
Tts impossibility may in fact be proved by precisely the same 
chain of reasoning as is used in elementary algebra to prove that 
an equation of the nth degree cannot have more than 7 real 
roots. Let us denote the complex number 2+ yi by the single; , 
letter z, a convention which we may express by writing | 
z=a+y. Let f(z) denote any polynomial in z, with real or 
complex coefficients. Then we prove in succession: 


(/ 


(1) that the remainder, when f(z) is divided by z—a, a being 
any real or complex number, is f(a); 


(2) that if a is a root of the equation f(z)=0, then f(z) is 
divisible by z—a; 
(3) that if f(z) is of the nth degree, and f(z)=0 has the 


M TOOUS Gd), Gy; ..., @, then 
J(Q=A (2-4) (2— a)... (2 — ay), 
where A is a constant, real or complex, in fact the coefficient 


of z” in f(z). From the last result, and the theorem of § £0, £5 
it follows that f(z) cannot have more than n roots. Fy 


We conclude that a quadratic equation with real coefficients has’ 
exactly two roots. We shall see later on that a similar theorem is 
true for an equation of any degree and with either real or complex 
coefficients: an equation of the nth degree has exactly n roots. 
The only point in the proof which presents any difficulty is the 
first, viz. the proof that any equation must have at least one | = 
root. This we must postpone for the present*. We may, however, 
at once call attention to one very interesting result of this theorem. 
In the theory of number we start from the positive integers and 
from the ideas of addition and multiplication and the converse 
operations of subtraction and division. We find that these 
operations are not always possible unless we admit new kinds of 
numbers. We can only attach a meaning to 8—7 if we admit 
negative numbers, or to # if we admit rational fractions. When 
we extend our list of arithmetical operations so as to include root 
extraction and the solution of equations, we find that some of 

* See Appendix I. 


6—2 
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them, such as that of the extraction of the square root of a number 
which (like 2) is not a perfect square, are not possible unless we 
widen our conception of a number, and admit the ¢rrational 


numbers of Chap. I. 


Others, such as the extraction of the square root of —1, are 
not possible unless we go still further, and admit the complex 
numbers of this chapter. And it would not be unnatural to 
suppose that, when we come to consider equations of higher 
degree, some might prove to be insoluble even by the aid of 
complex numbers, and that thus we might be led to the con- 
siderations of higher and higher types of, so to say, hyper-complex 
numbers. The fact that the roots of any algebraical equation 
whatever are ordinary complex numbers shows that this is not the 
case. The application of any of the ordinary algebraical operations 
to complex numbers will yield only complex numbers. In technical 
language ‘the field of the complex numbers is closed for algebraical 
operations ’. 


Before we pass on to other matters, let us add that all 
theorems of elementary algebra which are proved merely by 
the application of the rules of addition and multiplication are 
true whether the numbers which occur in them are real or com- 
plex, since’ the rules: referred to apply to complex’as well as 
real numbers. For example, we know that, if a and @ are the 
roots of 
az? + 2bz+c=0, 


then - > @+R=—(2b/a), aB=(c/a). 
Similarly, if a, 8, y are the roots of ef 


az + 3b2? + 8ez+d=0, 
then 


at+8+y=—(3b/a), By +yat+aB=(8c/a), aby=—(d/a). 


All such theorems as these are true whether a, b,... a, 8, ... are 
real or complex. . 


~ 


44, Argand’s diagram. Let P (Fig. 24) be the point (a, y), 
r the length OP, and @ the angle XOP, so that 


x=rcos 0, y=rsind, r=/(a+y*), cos@:sinO:1lisaryinr 
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We denote the complex number «+ yi by z, as in § 43, and 
we call z the complex variable. 
We call P the point z, or 
the point corresponding to z; 
z the argument of P, « the 
real part, y the imaginary 
part, r the modulus, and 
6 the amplitude of z; and we 
write 


“=R(z), y =1(2), 6 z= X 


(2 |., @=am Zz. Fig. 24, 


When y=0 we say that zs real, when # =0 that z is purely 
imaginary. Two numbers #+yi, «—yi which differ only in 
the signs of their imaginary parts, we call conjugate. It will be 
observed that the sum 2 of two conjugate numbers and their 
product «*?+ 4? are both real, that they have the same modulus 
V(e + y?) and that their product is equal to the square of the 
modulus of either. The roots of a quadratic with real_coefficients, 
for example, are conjugate, when not real. 


Tt must be observed that @ or am z is a many-valued function of 
x and y, having an infinity of values, which are angles differing by 
multiples of 277*. A line originally lying along OX will, if turned 
through any of these angles, come to lie along OP. We shall 
describe that one of these angles which lies between —7 and 


a as the principal value of the amplitude of z This de- | 


finition is tmambiguous except when one of the values is 7, 
in which case —7r is also a value. In this case we must make 
some special provision as to which value is to be regarded as 
the principal value. In general, when we speak of the amplitude 
of z we shall, unless the contrary is stated, mean the _Bungipal 
value of the amplitude. — 


Fig. 24 is usually known as Argand’s diagram. 


* It is evident that |z|is identical with the polar coordinate r of P, and that 
the other polar coordinate @ is one value of amz. This value is not necessarily 
the principal value, as defined below, for the polar coordinate of § 22 me between 
0 and 27, and the principal value between ~7 and z. 


rite sh we 4 ay Wr w-0 we. Carrier ay i —2 
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45. De Moivre’s Theorem. The following statements 
follow immediately from the definitions of addition and multi- 
plication. 

(1) The real (or imaginary) part of the sum of two complex 
numbers is equal to the sum of their real (or imaginary) parts. 

(2) The modulus of the product of two complex numbers is 
equal to the product of their moduli. 


(3) The amplitude of the product of two complex numbers is 
either equal to the sum of their amplitudes, or differs from it by 27. 


It should be observed that it is not always 1 true that the principal value of 
,  _, am (zz) is the sum of the principal values of amzandam~z. For example, if 
v™ " g=¢/=—1+47, then the principal values of the amplitudes of zand 7 are each 
wit | Be. But z2/= — 22, and the principal value of am (zz’) is —4m and not 3r. 
\\4: The two last theorems may be expressed in the equation 
\Y Clu = 
r(cos8+7sin@) x p(cosP+isingd) “pct. A. a 
ae =rp {cos (6+ ¢)+1sin(6+¢)}, °° Peay 2? 
which may be proved at once by multiplying out and using the, . a 
ordinary trigonometrical formulae for cos (0 + $) and sin (6 + $). 


More generally 
1, (cos 0, +7 sin 0,) x 7, (cos 6, +7 sin 8.) X ... X Tn (COS On +7 SiN Bn) 
= 1p... Tn {COS (0, + 02+... + On) +7 Sin (A; + A+... + On)}. 
A particularly interesting case is that in which 
NHR. =m=l, §==..=—h=06. 
We then obtain the equation 
(cos 0 +7 sin 0)" = cosnO +7 sin 00, 

where n is any positive integer: a result known as De Moivre’s . 


Theorem*. 
Again, if g=r(cosé+isin@) 
then 1/z = (cos 6 —7sin 6)/r. 


Thus the modulus of the reciprocal of z is the reciprocal of the 
modulus of z, and the amplitude of the reciprocal is the negative of 
the amplitude of z. We can now state the theorems for quotients 
which correspond to (2) and (8). 

* It will sometimes be convenient, for the sake of brevity, to denote cos @+i sin 0 


by Cis 6: in this notation, suggested by Profs. Harkness and Morley, De Moivre’s 
theorem is expressed by the equation (Cis 0)"=Cis n0. 
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(4) The modulus of the quotient of two complex numbers is 
equal to the quotient of their moduli. 

(5) The amplitude of the quotient of two complex numbers 
either is equal to the difference of their amplitudes, or differs from 
it by 2zr. 

Again (cos @+z72sin 0)-"=(cos 6 —7sin 0)” 

= {cos (— 0) +7 sin (— 6)}" 

= cos (— nd) +7sin (— 78). 
Hence De Mowvre’s Theorem holds for all integral values of 1, 
positive or negative. 

To the theorems (1)—(5) we may add the following theorem, 
which is also of very great importance. 


(6) The modulus of the sum of any number of complex 
numbers is not greater than the sum of their moduli. 


eS” Pp’ 
Fig. 23. 

Let OP, OP’,... be the displacements corresponding to the 
various complex numbers. Draw PQ equal and parallel to OP’, 
QR equal and parallel to OP”, and so on. Finally we reach a 
point U, such that 

OU=O0P + OP’ + 0P’ +... 
The length OU is the modulus of the sum of the complex 
numbers, whereas the sum of their moduli is the total length 
of the broken line OPQR...U, which is not less than OU. 

A purely arithmetical proof of this theorem is outlined in 


Mxs. XX. b 
XS hb Fg 
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46. We add some theorems concerning rational functions of 
complex numbers. A rqtional function of the complex variable z 
is defined exactly as is a rational function of a real variable z, 
viz. as the quotient of two polynomials in z. 


THEOREM 1. Any rational function R(z) can be reduced to 
the form X + Yi, where X and Y are rational functions of « and 
y with real coefficients. 


In the first place it is evident that any polynomial P(e+yt) 
can be reduced, in virtue of the definitions of addition and multj- 
plication, to the form A+ Bi, where A and B are polynomials 
in x and y with real coefficients. Similarly Q(a+yt) can be 
reduced to the form C+Di. Hence : 


Re +yt)=P («+ yi)/Q (e+ yi) 
ean be expressed in the form 
(A + Bi)/(C + Di) =(A + Bi) (C = Di) (C+ Di) (C— Di) 
AC+BD BC-AD. 
“Op + aD” 
which proves the theorem. 


THEOREM 2. If R(w«+yi)=X+ Vi, R denoting a rational 
function as before, but with real coefficients, then R(a—yi)=X—-Yi. 


In the first* place this is easily verified for a power («+ yt)" 
by actual expansion. It follows by addition that the theorem is 
true for any polynomial with real coefficients. Hence, in the 
notation used above, 

A-Bi AC+BD BO-AD. 
CD OLD OR ” 

the reduction being the same as before except that the sign of ¢ 
is changed throughout. It is evident that results similar to those 
of Theorems 1 and 2 hold for functions of any number of complex 
variables. 


R(@-yi)= 


THEOREM 8. The roots of an equation 
Ae + a2z"1+...+a,=90, . 


whose coefficients are real, may, in so far as they are not themselves 
real, be arranged in conjugate pairs. 
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For it follows from Theorem 2 that if # + y2 is a root then so is 
a—yi. <A particular case of this theorem is the result (§ 43) that 


the roots of a quadratic.equation with real coefficients are either 


real or conjugate. 


This theorem is sometimes stated as follows: in an equation 
with real coefficients complex roots occur in conjugate pairs. It 
should be compared with the result of Exs. viii. 7, which may be 
stated as follows: in an equation with rational al coefficients irrational 
roots occur in conjugate pairs*. 


Examples XXI. 1. Prove theorem (6) of § 45 directly from the 
definitions and without the aid of geometrical considerations. 


[First, to prove that | z+2| <|z| + |2| is to prove that 
(etv7P+(ytyPsWlery)tlarty)}* 
The theorem is then easily extended to the general case.] 
2. The one and only case in which 
lz] +] 27] 4+...=|2+7+...|, 


is that in which the numbers z, 7, ... have all the same amplitude. Prove 
this both geometrically and analytically. 


3. The modulus of the sum of any number of complex numbers is not 


less than the sum of their real (or imaginary) parts. 


4, If the sum and product of two complex numbers are both real, then 
the two numbers must either be real or conjugate. 


S. i atbJ/2+(c+d,/2)t=A+B/2+(C+D/2)%  ~ 
where a, b, c, d, A, B, C, D are real rational numbers, then 
=A, 628, c=—C,. d=D. 


6. Express the following numbers in the form A + Bi, where A and B are 
real. numbers : 


Te? 1-2\2 A+pi A+ pi A= pt 
2 ad —— 
Ce I GF A= pt? (hi) -Gaa) 


where A and p» are real numbers. 


7. Express the following functions of z=x+yi in the form XY + Yi, where 
X and ¥ are real functions of # and y: 2, 2, 2, 1/2, 2+ (1/2), (a+8z)/(y+62), 
where a, 8, y, 5 are real numbers. 


8. Find the moduli of the numbers and functions in the two preceding 


examples. 


* The numbers a+,/b, a—,/b, where a, b are rational, are sometimes said to be 
‘conjugate’. 


\ 
| 
¢ 
@ 
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9. The two lines joining the points z=a, z=b and z=c, z=d will be 
perpendicular if 


2. if (a—6)/(e—d) is purely imaginary. What is the condition that the lines 
should be parallel ? 


10. The three angular points of a triangle are given by z=a, z=, z=y, 
where a, 8, y are complex numbers. Establish the following propositions: 
(i) the centre of gravity is given by z=} (at+B+y) ; 
(ii) the cireum-centre is given by |z—a| = |z-B| =|z- y]; 
(ili) the three perpendiculars from the angular points on the opposite 
sides meet in a point given by 


=(=5)= 8)-a (0 
—Y y-a a—B 
(iv) there is a point P inside the triangle such that 
CBP=ACP=BAP=a, 
and cot o=cot A+cot B+cot C, 

[To prove (iii) we observe that if A, B, C are the vertices, and P any 
point z, then the condition that AP should be perpendicular to BC is (Ex. 9) 
that (z—a)/(8—y) should be purely imaginary, or that 

R(z—a) R(8—-y)+1(z—a) 1(B-y)=0. 
This equation, and the two similar equations obtained by permuting’a, , y 
cyclically, are satisfied by the same value of z, as appears from the fact that 
the sum of the three left-hand sides is zero. 

To prove (iv), take BC parallel to the positive direction of the axis of 2. 
Then* 


y—B=a, a-y=-bCis(-C), B-a=-cCisD. 
We have to determine z and » from the equations 


ee 


where 29, a9, Boy yo denote the conjugates of z, a, B, y. 

Adding the numerators and denominators of the three equal fractions, 
and using the equation 

4 cot o=(1+Cis 20)/(1 — Cis 2a), 
we find that 
Pee ee (8—y) (8o— yw) + (y —4) (yo 4) + (4-8) (a9 —Bo) ; 
Byo— Boy +40 — Yor + aBo — a8 

From this it is easily deduced that the value of cot is (a?+6?+c*)/4A, 
where A is the area of the triangle; and this is equivalent to the result given. 


* We suppose that as we go round the triangle in the direction ABC we leave 
it on our left. 
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To determine z, we multiply the numerators and denominators of the 
equal fractions by (yo—o)/(B—-a), (a9~y0)/(y—8), (B8o-a9)/(a-y), and add 
to form a new fraction. It will be found that 

_aaCis A +68 Cis Btey Cis C ] 
> @ie Aces Cia 4c Cis” * 

11. The two triangles whose vertices are the points a, b, ¢ and 4, y, 2 

respectively will be similar if 


l tt 1 |=0 
a 6 e 
ie BG 


[The condition required is that AB/AC = XYY/XZ (large letters denoting 
the points whose arguments are the corresponding small letters), or 
(b-a)/(c—a)=(y-«x)/(z—x), which is the same as the condition given.] 


12. Deduce from the last example that if the points 2, y, z are collinear 
then we can find veal numbers a, B, y such that a+8+y=0 and av+8y+yz=0, 
- and conversely (cf. Exs. xx. 4). (Use the fact that in this case the triangle 
formed by x, y, z is similar to a certain line-triangle on the axis OX, and 
apply the result of the last example.] 


13. The general linear equation with complex coefficients. The 
equation az+8=0 has the one solution z= —(8/a), unless a=0. If we put 
~a=a+Al1, B=b4 Ri, .2z=2e+y1, 


and equate real and imaginary parts, we obtain two equations to determine 
the two real numbers # and y. The equation will have a real root if y=0, 
which gives av+b=0, Av+B=0, and the condition that these equations 
should be consistent is aB-—bA =O. 


14. The general quadratic equation with complex coefficients, This 
equation is 
(a+ At) +2 (6+ Br) 2+(c+ Ci) =0. 


Unless a and A are both zero we can divide through by a+7A. Hence 
we may consider 


PONG D I BOIOLYEO .cccecercccsesenseseens (1) 


as the standard form of our equation. Putting z=r+y7 and equating real 


and imaginary parts, we obtain a pair of simultaneous equations for w and y, 
viz. 


gt —yr+2(be—-By)\+c=0 Izy+2 (by+Bur)+C=0. 
If we put 
t+b=£ y+B=n, B-B-c=h, 20B-C=h, 
these equations become S-r=h, %2n=h. 
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Squaring and adding we obtain 

P+ pPaJ/M+M), E= tN M+R) +A, n= tJ). 
We must choose the signs so that ) has the sign of £: te. if & is positive 
we must take like signs, if & is negative unlike signs. 

Conditions for equal roots. ‘The two roots can only be equal if both the 
square roots above vanish, 7.e. if h=0, /=0, or if e=b?— B?, C=2bB. These 
conditions are equivalent to the single condition e+Ci=(b+Bi)*, which 
obviously expresses the fact that the left-hand side of (1) is a perfect square. 

Condition for a real root. If #?+2(b+DBi)x2+(ce+Ci)=0, where x is 
real, then 2?+2b%+c=0, 2Be+C=0. Eliminating «w we find that the 
required condition is 

C?-—4bBC + 4cB?27=0. 
Condition for a purely imaginary root. This is easily found to be 
C2 — 4bBC - 4b?c=0. 

Conditions for a parr of conjugate complex roots. Since the sum and the 
product of two conjugate complex numbers are both real, b+ Bi and c+ 
must both be real, ze. B=0, C=0. Thus the equation (1) can have a pair of 
conjugate complex roots only if its coefficients are real. The reader should 
verify this conclusion by means of the explicit expressions of the roots. 
Moreover, if b?2c, the roots will be real even in this case, Hence for a pair 
of conjugate roots we must have B=0, C=0, b?<e. 


15. The Cubic equation. Consider the cubic equation 
8+3lz+G=0, . 
where G and H are complex numbers, it being given that the equation has 
(a) a real root, (b) a purely imaginary root, (ce) a pair of conjugate roots If 
H=)+pi, G=p+ot, we arrive at the following conclusions. 

(a) Conditions for areal root. If is not zero, then the real root is — o/3p, 
and o3+27\p2o —27y39=0. On the other hand, if »=0 then we must also 
have «=O, so that the coefficients of the equation are real. In this case there 
may be three real roots. 

(b) Conditions for a purely imaginary root. If » is not zero then the purely 
imaginary root is (p/3n) 2, and p}—27Ay2p—27py3a =0. If »=0 then also p=0, 
and the root is y7, where y is given by the equation ¥° — 3Ay — 7 =0, which has 
real coefficients. In this case there may be three purely imaginary roots. 

(c) Conditions for a pair of conjugate complex roots. Let these be + yi 
and 2—yt. Then since the sum of the three roots is zero the third root 
must be —2%. From the relations between the coefficients and the roots of 
an equation we deduce 

y—30=3H, 2e(et+y=e. 
Hence G and H must both be real. 

In each case we can either find a root (in which case the equation can 
be reduced to a quadratic by dividing by a known factor) or we can reduce 
the solution of the equation to the solution of a cubic equation with real 
coefficients. 


es 
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16. The cubic equation 7+a,v?+a,v+a3=0, where a,= =A,+Ay’, ...; has 
a pair of conjugate complex roots. Prove that the remaining root is 
— Aj‘a;/A3', unless A;'=0. Examiine the case in which A; =0. 


17. Prove thatif 2+3Hz+G=0 has two complex roots then the season 
8a2+6aH—-G=0 


has one aly root which is the real part a of the complex roots of the 
original equation ; and show that a has the same sign as G. 


18, An equation of any order with complex coefficients will in general 
have no real roots nor pairs of conjugate complex roots. How many con- 
ditions must be satisfied by the coefficients in order that the equation should 
have (a) a real root, (b) a pair of conjugate roots ? 


19. Coaxal circles. In Fig. 26, let a, 6,2 be the arguments of A,B, P 
Then ann = = APB, 


if the principal value of the Sree: is chosen. If the two circles shown 
in the figure are equal, and 7, 2, %' are the glans &: Jigs Ps EX 
and APB = 6, it is easy to see that 


on zie 
am 7 =T 7] a 8, 
zy —b 
and am 7 =-7t+0. 


I 


The locus defined by the equation 
am tie = 6, 
Z-a 


where 6 is constant, is the arc APB. By 
writing —6, -6, —7+6 for 6, we obtain 
the other three arcs shown. 

The system of equations obtained by 
supposing that 6 is a parameter, varying 
from —7 to +7, represents the system of 
circles which can be drawn through the 
points A, B. It should however, be ob- 
served that each circle has to be divided 
into two parts to which correspond different 
values of 6. 


20. Now let us consider the equation 
z—b 


where A is a constant. 


Let K be the point in which the tangent to the circle ABP at P meets 
AB. Then the triangles APA, ABP are similar, and so 


AP/PB=PK/BK=KA/[KP=). 
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Hence KA/KB=)?, and therefore K is a fixed point for all positions of P 
which satisfy the equation (1). Also KP?=KA.KB, and so is constant. 
Hence the locus of P ts a circle whose centre is K. 


The system of equations obtained by varying A represents a system of 
circles, and every circle of this system cuts at right angles every circle of the 
system of Ex. 19. 


The system of Ex. 19 is called @ system of coaxal circles of the common 
point kind. The system of Ex. 20 is called a system of coaxal circles of the 
limiting point kind, A and B being the limiting points of the system. If 
is very large or very small then the circle is a very small circle containing A 
or B in its interior. 


21. Bilinear Transformations. Consider the equation 


suppose to be represented in two planes woy, XOY. To every value of z 
corresponds one of Z, and conversely. If a=a+i then 


v=X+a, y=V+4+8, 


and to the point (x, y) corresponds the point (X, Y). If (2, y) describes a 
curve of any kind in its plane, (XY, Y) describes a curve in its plane. Thus 
to any figure in one plane corresponds a figure in the other. A passage of 
this kind from a figure in the plane oy to a figure in the plane YOY by 
means of a relation such as (1) between z and Z is called a transformation. 
In this particular case the relation between corresponding figures is very 
easily defined. The (X, Y) figure is the same in size, shape, and orientation 
as the (x, y) figure, but is shifted a distance a to the left, and a distance B 
downwards. Such a transformation is called a translation. 


Now consider the equation 


where p is real. This gives r=pX,y=pY. The two figures are similar and 
similarly situated about their respective origins, but the scale of the (x, ) 
figure is p times that of the (X, Y) figure. Such a transformation is called 
a magnification. 
Finally consider the equation 
z=(cos P+79in h) Z......4... oaeeeseneieues vossinnen)s 


It is clear that |z|=|2Z| and that one value of amz is am Z+4q, and that the 
two figures differ only in that the (#, y) figure is the (X, Y) figure turned 
about the origin through an angle ¢ in the positive direction. Such a trans- 
formation is called a rotation. 


The general linear transformation 


0 2, idence (4) 
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is a combination of the three transformations (1), (2), (3). For, if |a@|=p and 
am a=q, we can replace (4) by the three equations 
z=2z+b, 2=pZ', Z’=(cospt+zsin gd) Z 
Thus the general linear transformation is equivalent to the combination of a 
translation, a magnification, and a rotation. 
~ Next let us consider the transformation 


1 a ie oe eae (5). 


If |Z|= and am Z=9, then |z|=1/2 and amz=-6, and to pass from 
the (w, y) figure to the (XY, ¥’) figure we invert the former with respect to 0, 
with unit radius of inversion, and then construct the image of the new figure 
in the axis ow (z.e. the symmetrical figure on the other side of oz). 


Finally consider the transformation 


aZ+b 
sea 9 Ar aS (6) 
This is equivalent to the combination of the transformations 
bere 2=(ale)+(be—ad) (zJe), #=1/Z', Z'=cZ+d, 


z.e. to a certain combination of transformations of the types already con- 
sidered. 


The transformation (6) is called the general bilinear transformation. 


Solving for Z we obtain 


ga 


CZ — a 


The general bilinear transformation is the most general type of trans- 
formation for which one and only one value of z corresponds to each value of | 
Z, and conversely. 


22. The general bilinear transformation transforms cireles into circles. 
This may be proved in a variety of ways. We may assume the well-known 
theorem in pure geometry, that inversion transforms circles into circles 
(which may of course in particular cases be straight lines). Or we may 
use the results of Exs. 19 and 20. If, e.g., the (2, y) circle is 


| (@—o)/(2-p) |=), 
and we substitute for z in terms of Z, we obtain 
(2-0) (Z—p') (=X, 


bred ,_ b= 


where = — > pe = 
—p 


wot 2 [> 


a-oaoc 


~ 23. Consider the transformations z=1/Z, z=(1+Z)/(1-Z), and draw 
the (X, ¥) curves which correspond to (1) circles whose centre is the origin, 
(2) straight lines through the origin. . 
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24, The condition that the transformation z=(aZ+b)/(cZ+d) should 
make the circle x?+y?=1 correspond to a straight line in the (YX, Y) plane 
is |a|=|e]. 


25. Cross ratios. The cross ratio (222, 2324) is defined to be 


(2, — 23) (22-44) 
(21 — 24) (22-2) 

If the four points 2, zo, 23, 24 are on the same line, this definition agrees 
with that adopted in elementary geometry. There are 24 cross ratios which 
can be formed from 2, 22, 23, 2, by permuting the suffixes. These consist of 
six groups of four equal cross ratios. If one ratio is A, then the six distinct 
cross ratios are A, 1—A, 1/A, 1/(1—A), (A—1)/A, A/(A-—1). The four points are 
said to be harmonic or harmonically related if any one of these is equal to 
—1. In this case the six ratios are —1, 2, —1, 4, 2, 4. 


If any cross ratio is reat then all are real and the four points lie on a 
circle. For in this case 
(21 — 23) (22-44) 
(2 — 24) (22-23) 
must have one of the three values —r, 0, 7, so that am {(z, —2,)/(z, —z4)} and 
am {(2o— 23)/(22 — 24)} must either be equal or differ by m (cf. Ex. 19). 


If (2,2, 2324)= — 1, we have the two equations 


4-2 =z IE Za — 2 
am 2-35 ¢7+am7—% a ee a eee 


3 
ay 7% ag — 2 


“4-24 Zg—24|° 
The four points A, , Je, Az, Ay lie on a circle, A, and A, being separated 
by A; and Eve : Also A; A3/A,;Ag=AAq/A24q. Let O be the middle point of 
A3A,y. The equation 

(21-23) (Z2— Z4) 

(21 — 24) (Zg— zs) 
may be put in the form 

(21 +22) (23+ 24) = 2 (2122+ 2524), 


or, what is the same thing, 
{2, — 4 (3 +24)} {22-4 (23+ 24)} = {4 (2g — 2,)}2. 


But this is equivalent to 0A,. 0A,=OA,?=OA,2. Hence OA, and OA 2 
make equal angles with A344, and O4A,. OO OA,*. It will be ob- 
served that the relation between the pairs A,, A, and A3, Ay is symmetrical. 
Hence, if O' is the middle point of A,Ae, O'A; and O’A, are equally inclined 
to A,A2, and O43. O'A,=0'A,?=0'A,?2. 


f 4 
w 


26. If the points d,, dz are given by az*+2bz+c=0, and the points 
A;, Ay by a2?+2b2+c'=0, and O is the middle point of A;4,, and 
ac’ +a'c—2bb'=0, then OA;, OA_ are equally inclined to A3A, and 
OA, .0Aq= 0A;? = OA,2. (Math. Trip, 1901.) 
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27. AB, CD are two intersecting lines in Argand’s diagram, and P, 

@ their middle points, Prove that, if AB bisects the angle CPD and 
PA?*=PB=PC.PD, then CD bisects the angle AQB and QC?= QD?= QA. QB. 
(Math. Trip. 1909.) 


28. The condition that four points should lie on a circle. A 
sufficient condition is that one (and therefore all) of the cross ratios 
should be real (Ex. 25); this condition is also necessary. Another form 
of the condition is that it should be possible to choose real numbers 
a, 8, y such that 

1 1 Ji =Q, 


a B Y 


21244-2923 2924+ 23% 2324 +2129 


oS 


[To prove this we observe that the transformation Z=1/(z— z,) is equivalent 
to an inversion with respect to the point z,, coupled with a certain reflexion 
(Ex. 21). If 4, 2, 23 lie on a circle through z, the corresponding points 
Z,=1(a4j—%), Zg=1f(z2—-%), Zg=1/(23-24) lie on a straight line. Hence 
(Ex. 12) we can find real numbers a’, f’, y’ such that a’+’+y'=0 and 
a |(z—%) +B’ /(4a—%) +y'/(23 - 24) =0, and it is easy to prove that this is 
equivalent to the given condition. ] 


29. Prove the following analogue of De Moivre’s Theorem for real 
numbers: if ¢), ge, $3, ».. 18 a series of positive acute angles such that 


tan dm+1=tan pd, sec d; +sec d,, tan 1, 
then tan dns =tan Pin SCC Gatsec Py tan dn, 

SCC Ping n=SEC Pm Sec h, +tan P,, tan Pn, 
and tan dn+sec dn=(tan d,+sec hy)". 


(Use the method of mathematical induction. ] 


30. The transformation z=Z”. In this case r=”, and 6 and mo 
differ by a multiple of 27. If Z describes a circle round the origin then z 
describes a circle round the origin m times. 


The whole (2, y) plane corresponds to any one of m sectors in the (Y, VY) 
plane, each of angle 27/m.: To each point in the (a, y) plane correspond 
m points in the (.Y, }’) plane. 


31. Complex functions of a real variable. - If f(é), @(¢) are two real 
functions of a real variable ¢ defined for a certain range of valucs of ¢, 


we call . 
gua f (t)+tp (t) ...... Bere geo Seta anaes (1) 


a complex function of ¢ We can represent it graphically by drawing the 


curve 
z=f(t), y=O)5 
H. : 
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the equation of the curve may be obtained by eliminating ¢ between these 
equations. If z is a polynomial in ¢, or rational function of ¢, with complex 
coefficients, we can express it in the form (1) and so determine the curve 
represented by the function. 
(i) Let z=a+(b—a)t, 
where a and b are complex numbers. If a=a+a'l, b=8+'%, then 
w=at+(B-—a)t, y=a'+(P'—a’)t. 

The curve is the straight line joining the points z=a@ and z=b. The seg- 
ment between the points corresponds to the range of values of ¢ from 0 


to 1. Find the values of ¢ which correspond to the two produced segments 
of the line. 


S - 1+t 
(11) If emotp(7 +e 9 


where p is positive, then the curve is the circle of centre c and radius p. As 
t varies through all real values z describes the circle once. 


(iii) In general the equation z=(a+bz)/(c4+dt) represents a circle. 
This can be proved by calculating w and y and eliminating: but this process 
is rather cumbrous. A simpler method is obtained by using the result of 
Ex. 22, Let z=(a+6Z)/(c+dZ), Z=t. As ¢ varies Z describes a straight 
line, viz. the axis of Y. Hence z describes a circle. 


(iv) The equation 2=at+2bt+ct? 
represents a parabola generally, a straight line if b/c is real. 
(v) The equation z=(a+20t + ct*)/(a+28t+yt?), where a, 8, y are real, 
represents a conic section. 
[Eliminate ¢ from 
x=(A+2Bi4+ Ci*)/(a+2Bi+yt?), y=(A'+2B't+ C't?)/(a+ 28t+-y2?), 
where A4+A%=a, B+ Bi=b, C+ Cv=0.) 


47. Roots of complex numbers. We have not, up to the 
present, attributed any meaning to symbols such as Va, a™”, 
when @ is a complex number, and m and n integers. It is, 
however, natural to adopt the definitions which are given in 
elementary algebra for real values of a. Thus we define “/a or 
a”, where n is a positive integer, as a number 2 which satisfies 
the equation z"=a; and a”, where m is an integer, as (al/")™, 
These definitions do not prejudge the question as to whether 
there are or are not more than one (or any) roots of the equation. 


48. Solution of the equation z*=a. Let 
a= p(cos d +7sin ¢), 
where p is positive and @¢ is an angle such that -rw<deq. If 
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we put z=r (cos 8 +7sin 8), the equation takes the form 
r” (cos nO + isin nO) = p(cos d +72 8in P) ; 
so that mMm=p, cosnO=cosd, sinnO=sind ....... (1). 
The only possible value of r is ¥/p, the ordinary arithmetical 
nth root of p; and in order that the last two equations should be 
satisfied it is necessary and sufficient that n@ = ¢ + 2k, where k 
is an integer, or 
0 =(h + 2kr)/n. 
If k=pn+q, where p and q are integers, and 0Sq<n, the 
value of 0 is 2p7+(d + 2q7)/n, and in this the value of p is a 
matter of indifference.” Hence the equation 
2"=a=p(cos¢+7sin d) 
has n roots and n only, gwen by z=r (cos 0 +7 sin 0), where 
r=Vp, O0=(6+2qr)/n, (q=0,1, 2,...n—1). 
That these n roots are in reality all distinct is easily seen 
by plotting them on Argand’s diagram. The particular root 
Wp {cos (p/n) +t sin (p/n)} 


is called the principal value of Va. — 


The case in which a= 1, p=1, $=0 is of particular interest. 

The n roots of the equation #" =1 are 
cos (2gm/n) +7 sin (2q7/n), (q=0,1,...n—1). 
These numbers are called the nth roots of unity; the principal 
value is unity itself. If we write w, for cos(27/n) +7 sin (27/n), 
we see that the nth roots of unity are 
1, cop @.,... of, 
Examples XXII. 1. The two square roots of 1 are 1, —1; the three 


cube roots are 1, 4(-—1+7,/3), $(—1-—7,/3); the four fourth roots are 1, 
7, -1, -—7; and the five fifth roots are 


1 4 /5-14+72,/{104+2,/5}], £[-/5—-1472,/{10—2,/5}], 
£[-J5-1-2/{10-2,/5}}, $[ 5-1-7 V{10+2./5}]. 
2. Prove that Lto,+o, +. +0%=0. 
3. Prove that (2+ yoo, +202) (+yo3+20,) =? +9? +22 —y2 — 20 — 2y. 


4, The nth roots of @ are the products of the mth roots of unity by the 
principal value of A/a. 
i—2 
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5. It follows from Exs. xx1. 14 that the roots of 
2=a+Bi 
are t VUE W(e? +6") +a}] £2 LE (/(a? +f%) - a}, 
like or unlike signs being chosen according as 8 is positive or negative. Show 


that this result agrees with the result of § 48, 


6. Show that (22m — q2m)/(42— q2) ig equal to 
; Lae Ne Oe. a (m-1)a 
x" —2ax cos — +a?) ( 2? — 2ax cos —+a?)... &* — 2ax cos + a?) . 
m m m 


[The factors of 2?" — ¢2™ are 

2m-] 
2m ) 
2m 


The factor «—ao;", is c+a. The factors (x—- AW) (@— aw,” *) taken together 
give a factor +? —2aa cos(sm/m)+a?.] 


(x = a), (2% i. hWs,,), (x = @5,)) eee (x — a@ 


7. Resolve a?m+1_ g2m+1, y2m4 g2m and g’m+14q2m+1 into factors in a 
similar way. 


8. Show that x?" —22"a" cos +a is equal to 


(« — 2x0 cos 2 +a") (# — 27a cos g tte + a) re 


isk (« — 2va cos ae + ot) ‘ 
[Use the formula 
xn — Qaa” cos 6+ a= {a — a” (cos O-+7 sin 6)} {2" — a” (cos 8 —7sin 6)}, 


and split up each of the last two expressions into 2 factors. ] 


° 


9. Find all the roots of the equation 2° ~223+2=0, (Math. Trip. 1910.) 


10. The problem of finding the accurate value of @y in a numerical form 
involving square roots only, as in the formula ©,=$(-—1+7,/3), is the 
algebraical equivalent of the geometrical problem of inscribing a regular 
polygon of z sides in a circle of unit radius by Euclidean methods, z.e. by ruler 
and compasses. For this construction will be possible if and only if we can 
construct lengths measured by cos (2m/n) and sin (27/n) ; and this is possible 
(Ch. II, Misc. Exs. 22) if and only if these numbers are expressible in a form 
involving square roots only. 


Euclid gives constructions for n=3, 4, 5, 6, 8, 10, 12, and 15.7 Tae 
evident that the construction is possible for any value of n which can be 
found from these by multiplication by any power of 2. There are other 
special values of m for which such constructions are possible, the most inter- 
esting being »=17. | 


pat. C 
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49. The general form of De Moivre’s Theorem. It 
follows from the results of the last section that if q is a positive 
integer then one of the values of (cos 8 +7sin 0)"? is 


cos (6/q¢) + 7 sin (6/q). 
Raising each of these expressions to the power p (where p is any 
integer positive or negative), we obtain the theorem that one of 
the values of (cos #+1sin @)?/7 is cos (p0/q) +7 sin (p6/q), or that if 
as any rational number then one of the values of (cos 8 +7 sin )* is 


cos a8 +7 sin a6. 


This is a generalised form of De Moivre’s Theorem (§ 45). 


MISCELLANEOUS EXAMPLES ON CHAPTER III. 


1, The condition that’, triangle (wyz) should be equilateral is that 

w+ y? +22 — yz—24 —xy=0. 

[Let XYZ be the triangle. The displacement ZY is YZ turned through 
an angle $r in the positive or negative direction. Since Cis 3r=a,, 
Cis (—$)=1/o,=0;, we have #—z=(z-y)o, or w-z=(z-y) a. Hence 
a+yo,+20,=0 or x+yo;+20,=0. The result follows from Exs. xxl. 3.] 

2. If XYZ, X'Y'Z are two triangles, and 

WY DN Oe XY XY’, 
then both triangles are equilateral. [From the equations 
(y-2)(y¥'-2)=(¢—2) (¢ 2’) = (wy) (a! -y) =a 
say, we deduce 3 1/(y’ —2’)=0, or 32’? Sy'z’=0. Now apply the result of the 
last example. ] 

3. Similar triangles BCX, CAY, ABZ are described on the sides of a 
triangle ABC. Show that the centres of gravity of ABC, XYZ are coincident. 

[We have («-c)/(b-—c)=(y—a)/(c—a)=(2—b)/(a—b)=a, say. Express 
4 (7+y +2) in terms of a, 0, c.] 

4, If X, Y, Z are points on the sides of the triangle ABC, such that 

BX/XC=CY/YA=AZ/ZB=1, 
and if ABC, XYZ are similar, then either r=1 or both triangles are 
equilateral. 

5. If A, B, C, Dare four points in a plane, then 

AD. BCEBD.CA+CD. AB. 
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[Let z,, 2, 23, 24 be the complex numbers corresponding to A, B, C, D. 
Then we have identically 


(971 — 44) (2 — 23) + (#2 — 4) (3 — 21) + (3 — 4) (01 — Xe) =0. 
Hence 
| (1 — 24) (#2 — ¥3) | =| (42 — 44) (23 — 21) + (H3 — 4) (41 — 2) | 


S| (%_— 4) (23 — 41) | +] (73— X4) (41-2) |.) 
6. Deduce Ptolemy’s Theorem concerning cyclic quadrilaterals from the 


fact that the cross ratios of four concyclic points are real. [Use the same 
identity as in the last example. ] 


7. Ifz?+2'2=1, then the points z, 2 are ends of conjugate diameters of an 
ellipse whose foci are the points 1, -1. [If CP, CD are conjugate semi- 
diameters of an ellipse and S, H its foci, then CD is parallel to the external 
bisector of the angle SPH, and SP. HP=CD*.] 


8. Prove that |a+b|?+|a—6|?=2 {|a|?+[b[}. [This is the analytical 
equivalent of the geometrical theorem that, if Jf is the middle point of PQ, 
then OP? + 0@?=20M?+2MP?.] + 

9. Deduce from Ex. 8 that 

Ja+J(a?— 04) |+/a-J(a@2- 8%) |=|a-+5|+/a—5}. 
[If a+. /(a?—b*)=2,, a—/(a?—-b?)=2,, we have 
[2 [P+| 20 |?=3 [21+ 22 |? +3 | —22|?=2|a|?4+2| a? 0? |, 
and so (|2|+] |)? =2 {|@|?+|a?—b?/+/b|3}=|a+4+0|2?+/a—b|2+2|a?~b?], 

Another way of stating the result is: if 2, and z, are the roots of 

az? + 282+ y=0, then 
la [+]22[=(1/|@l) (]-B+s/ay |) + (|-8- Jay |)}-] 


10. Show that the necessary and sufficient conditions that both the roots 
of the equation z?+-az+b=0 should be of unit modulus are 


ft 


re 


la{<2, !d|=1, ambd=2ama, 


[The amplitudes have not necessarily their principal values. ] 


11. If v$+44a,23 + 6a_77 + 4a37-+a,=0 is an equation with real coefficients 
and has two real and two complex roots, concyclic in the Argand diagram, then 


As? + a,7a4 +493 — Ady — 2a, a,a3=0. 
12. The four roots of aga* + 40,23 + 6agx? + 4a3v +a,=0 will be harmonic- 
ally related if 


Ais? + A214 + Ag8 — Ap AQy — 2a,A,a3=0, 
0% 1 24+ Ag? — Uy By 10203 


[Express 93, 14431,24412,31, Where 23, 14= (21 ~ 22) (23 — 24) + (2 —23) (2 — 24) 
and 2, 22, 23, z, are the roots of the equation, in terms of the coefficients. ] 


—_—~¥ — 
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13. Imaginary points and straight lines. Let ar+by+c=0 be = 


an equation with complex coefficients (which of course may be real in special 
cases). 

If we give # any particular real or compiles value, we can find the corre- 
sponding value of y. The aggregate of pairs of real or complex values of x 
and y which satisfy the equation is called an imaginary straight line; the 
pairs of values are called imaginary points, and are said to lie on the line. 
The values of # and y are called the coordinates of the point (v, y). When 
#2 and y are real, the point is called a real point: when a, b, ¢ are all real (or 
can be made all real by division by a common factor), the line is called a real 
line. The points c=a+ fi, y=y+6i and t=a— fi, y=y—8 are said to be 
conjugate ; and so are the lines 

(A+ A’) 2+(B+ Bi) y+C+C%1=0, (A-A%) v+(B- Bi) y+ C-—Cr1=0. 

Verify the following assertions :—every real line contains infinitely many 
pairs of conjugate imaginary points ; an imaginary line in general contains 
one and only one real point; an imaginary line cannot contain a pair of 
conjugate imaginary points :—and find the conditions (a) that the line 
joining two given imaginary points should be real, and (6) that the point 
of intersection of two imaginary lines should be real. 


14. Prove the identities 
(@+Y +2) (@+YO,+ Zee) (2-+yo,+ 20) = 23 + 8 +23 — 3xryz, 
; (@+Y +2) (4@+Yo,+ 205) (U+Yor+ zor) (2+ Yor + Zo) (2 +-Yo,+20,) 
= + 454 3 — Babyz + Sxy?2?, 
15. Solve the equations 
@—3ar+(a+1)=0, #2 -—5ae+5a2e7+(a'+1)=0, 
16. If f(v)=ayptayr+...+a,c*, then 
{(f(2) +f (ot) +... +f (01 2)}/ 2 = Ay Fy 2 + Aan t?™ +... 4+-4),,0A%, 


w@ being any root of 7”=1 (except a= 1), and An the greatest multiple of x 
contained in & Find a similar formula for AFA, nt +4, pee ase 


ie LE (l+z)"=potpittpo+..., 
n being a positive integer, then 
Do- Pot Ps— = 2” cos in, ~1—P3t+p5— w= 23% sin dar. 
18. Sum the series 
oF at x8 ans 
ogo” Bie=61 Bin sett Tn 1t? 
2 being a multiple of 3. (Math. Trip, 1899.) 


/19. It ¢ is a complex number such that .|¢/=1, then the point 
«“=(at+b)/(¢—c) describes a circle as ¢ varies, unless laid when it 
describes a straight line. 
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20. If ¢ varies as in the last example then the point =} {at+(b/t)} in 
general describes an ellipse whose foci are given by #?=ab, and whose axes 
are |a|+|5| and|a|—|b|. But if |a|=|5| then wv describes the finite straight 
line joining the points —,/(ab), ./(ab). 


21. Prove that if ¢ is real and z=¢?—1+.,/(#4—2?), then, when 7?<1, z is 
represented by a point which lies on the circle v?+y?+x”=0. Assuming that, 
when ??>1, ,/(¢#—2*) denotes the positive square root of ¢#— 72, discuss the 
motion of the point which represents z, as ¢ diminishes from a large positive 
value to a large negative value. (Math. Trip. 1912.) 


22. The coefficients of the transformation z=(aZ+ b)/(cZ+d) are subject 
“to the condition ad—bc=1. Show that, if c+0, there are two fived points 
a, 8, 2.e. points unaltered by the transformation, except when (a+d)?=4, when 
there is only one fixed point a; and that in these two cases the transforma- 
tion may be expressed in the forms 
Z-a ss Z- a 1 o 1 i K. 
z-B Z—-B’ z-a Z-—a ss 
Show further that, if c=0, there will be one fixed point a unless a=d, 
and that in these two cases the transformation may be expressed in the 
forms 


z-a=K(Z-a) 2=Z+K, 


Finally, if a, 6, c, d are further restricted to positive integral values (in- 
cluding zero), show that the only transformations with less than two fixed 
. points are of the forms (1/z)=(1/Z)+A, z=Z+A4. (Math. Trip. 1911.) 


> 23. Prove that the relation z=(1+2)/(Z+7) transforms the part of the 
axis of x between the points z=1 and z=—1 into a semicircle passing 
through the points Z=1 and Z= —1. Find all the figures that can be obtained 
from the originally selected part of the axis of x by successive applications of 
the transformation. (Math. Trip. 1912.) 


24. If z=2Z+Z? then the circle | Z|=1 corresponds to a cardioid in the 
plane of z. 


25. Discuss the transformation z=4{Z+(1/Z)}, showing in particular 
that to the circles X?+4 Y?2=a? correspond the confocal ellipses 


1 Ea PR 
(sta) alsa} 

26. If (z+1)?=4/Z then the unit circle in the z-plane corresponds to the 
parabola Rcos?46=1 in the Z-plane, and the inside of the circle to the 


outside of the parabola. 


27. Show that, by means of the transformation z={(Z—cv)/(Z+¢1)}’, 
the upper half of the z-plane may be made to correspond to the interior of 
a certain semicircle in the Z-plane. 
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98. If z=Z?—1, then as z describes the circle |z|=«x, the two corre- 
sponding positions of Z each describe the Cassinian oval p,p2=«, where 
P13 p2 are the distances of Z from the points -1, 1. Trace the ovals for 
different values of x. 


29. Consider the relation az?+2hz27+bZ?+292+2fZ+c=0. Show that 
there are two values of Z for which the corresponding values of z are equal, 
and vice versa. We call these the branch points in the Z and z-planes re- 
spectively. Show that, if z describes an ellipse whose foci are the branch 
points, then so does Z. | 


[We can, without loss of generality, take the given relation in the form 
P+22Z cosat+Z2=1: 


the reader should satisfy himself that this is the case. The branch points in 
either plane are cosec and —cosecw. An ellipse of the form specified is 
given by 


|z+cosec w|+|z—cosec w |=C, 
where Cis a constant. ‘This is equivalent (Ex. 9) to 
| 2+/(z? — cosec? w) | +-| 2—./(2? — cosec? w) |= C. 


Express this in terms of Z.] 


30 If z=aZ"+bZ", where m,n are positive integers and a, b real, then 
as Z describes the unit circle, z describes a hypo- or epi-cycloid. 


31, Show that the transformation 


perdi) Zy+b 
7 (Ly= aan)’ 


where a, b, c, d are real and a?+a?+be >0, and Z denotes the conjugate of 
Z, is equivalent to an inversion with respect to the circle 


c (a? +4?) —2ax—2dy—-b=0. 
What is the geometrical interpretation of the transformation when 
a+d+be<0} 


- 


32. The transformation 


where c is rational and 0 <¢ <1, transforms the circle | z|=1 into the boundary 
of a circular lune of angle /c. 


CEE Lv 
LIMITS OF FUNCTIONS OF A POSITIVE INTEGRAL VARIABLE 


50. Functions of a positive integral variable. In 
Chapter II we discussed the notion of a function of a real 
variable x, and illustrated the discussion by a large number of 
examples of such functions. And the reader will remember that 
there was one important particular with regard to which the 
functions which we took as illustrations differed very widely. 
Some were defined for all values of 2, some for rational values 
only, some for integral values only, and so on. 


Consider, for example, the following functions: (i) 2, (ii) ./a, (ili) the 
denominator of x, (iv) the square root of the product of the numerator and 
the denominator of 2, (v) the largest prime factor of x, (vi) the product of 
Ja and the largest prime factor of x, (vii) the th prime number, (viii) the 
height measured in inches of convict # in Dartmoor prison. 


Then the aggregates of values of « for which these functions are defined 
or, aS we may say, the fields of definition of the functions, consist of (i) all 
values of x, (ii) all positive values of x, (iii) all rational values of x, (iv) all 
positive rational values of x, (v) all integral values of 2, (vi), (vii) all positive 
integral values of x, (viii) a certain number of positive integral values of 2, 
viz., 1, 2,..., ¥, where V is the total number of convicts at Dartmoor at a 
given moment of time*, 


Now let us consider a function, such as (vil) above, which is 
defined for all positive integral values ‘of # and no others. This 


* In the last case N depends on the time, and convict 2, where x has a definite 
value, is a different individual at different moments of time. Thus if we take 
different moments of time into consideration we have a simple example of a 
function y= F (a, t) of two variables, defined for a certain range of values of t, viz. 
from the time of the establishment of Dartmoor prison to the time of its abandon- 
ment, and for a certain number of positive integral values of x, this number 
varying with t. 


50, 51] FUNCTIONS OF A POSITIVE INTEGRAL VARIABLE 107 


function may be regarded from two slightly different points of | 


view. We may consider it, as has so far been our custom, as a 


function of the real variable x defined for some only of the values | 


of #, viz. positive integral values, and say that for all other values 
of w the definition fails. Or we may leave values of « other 
than positive integral values entirely out of account, and regard 
our function as a function of the positive integral variable n, 
whose values are the positive integers 


ao. 0 ae 
y= 9(n) 


and regard y now as a function of n defined for all values of x. 


In this case we may write 


It is obvious that any function of # defined for all values of x 
gives rise to a function of n defined for all values of n. Thus from 
the function y=? we deduce the function y=n? by merely 
omitting from consideration all values of x other than positive 
integers, and the corresponding values of y. On the other hand 
from any function of n we can deduce any number of functions 
of w by merely assigning values to y, corresponding to values of x 
other than positive integral values, in any way we please. 


51. Interpolation. The problem of determining a function of x which 
shall assume, for all positive integral values of 2, values agreeing with those 
of a given function of n, is of extreme importance in higher mathematics. 
It is called the problem of functional interpolation. 


Were the problem however merely that of finding some function of x to 
fulfil the condition stated, it would of course present no difficulty whatever. 
We could, as explained above, simply fill in the missing values as we pleased : 
we might indeed simply regard the given values of the function of 2 as all 
the values of the function of « and say that the definition of the latter 
function failed for all other values of x. But such purely theoretical solutions 
are obviously not what is usually wanted. What is usually wanted is some 
formula involving x (of as simple a kind as possible) which assumes the given 
valuesfor.v=1, 2, .... 


In some cases, especially when the function of » is itself defined by a 
formula, there is an obvious solution. If for example y=¢@ (2), where ¢ (x) 
is a function of 7, such as n*? or cosmm, which would have a meaning even 
were » not a positive integer, we naturally take our function of « to be 
y= (x). But even in this very simple case it is easy to write down other 
almost equally obvious solutions of the problem. For example 


y= (x) +s8in wr 
assumes the value ¢ (7) for =n, since sin nz =0, 


“ 
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In other cases ¢ (x) may be defined by a formula, such as (—1)", which 
ceases to define for some values of x (as here in the case of fractional values 
of « with even denominators, or irrational values). But it may be possible 
to transform the formula in such a way that it does define for all values of 
z. In this case, for example, 


(—1)"=cosnz, 


if 2 is an integer, and the problem of interpolation is solved by the function 
COS Ln. 


oy In other cases @(v) may be defined for some values of aw other than 
yee\ Positive integers, but not for all. Thus from y=" we are led to y=2* 


\ 
x 


/ 
—_ 


This expression has a meaning for some only of the remaining values of 2. 
If for simplicity we confine ourselves to positive values of w, then 2* has 
a meaning for all rational values of », in virtue of the definitions of 
fractional powers adopted in elementary algebra. |} But when_v is érrational 
a* has (so far as we are in a position to say at the present moment) no 
meaning at all. Thus in this case the problem of interpolation at once | 


leads us to consider the question of extending our definitions in such a 


way that «* shall have a meaning even when z is irrational, We shall see 
later on how the desired extension may be effected. 


Again, consider the case in which 
y=l.2..n=n!. 


In this case there is no obvious formula in # which reduces to 2! for r=n, 
as «! means nothing for values of x other than the positive integers. This 
18 a case in which attempts to solve the problem of interpolation have led to 
linportant advances in mathematics. For mathematicians have succeeded 
in discovering a function (the Gamma-function) which possesses the desired 


| property and many other interesting and important properties besides. 


52. Finite and infinite classes. Before we proceed further 
it is necessary to make a few remarks about certain ideas of an 
abstract and logical nature which are of constant occurrence in 
Pure Mathematics. 


In the first place, the reader is probably familiar with the 
notion of a class. It is unnecessary to discuss here any logical 
difficulties which may be involved in the notion of a ‘class’: 
roughly speaking we may say that a class is the aggregate or 
collection of all the entities or objects which possess a certain 
property, simple or complex. Thus we have the class of British 
subjects, or members of Parliament, or positive integers, or real 
numbers. 
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Moreover, the reader has probably an idea of what is meant 
by a finite or infinite class. Thus the class of British subjects 
is a finite class: the aggregate. of all British subjects, past, 
present, and future, has a finite number n, though of course we 
cannot tell at present the actual value of n. The class of present 
British subjects, on the other hand, has a number n which could 
be ascertained by counting, were the methods of the census 
effective enough. 


On the other hand the class of positive integers is not finite 
but infinite. This may be expressed more precisely as follows. 
If n 1s any positive integer, such as 1000, 1,000,000 or any number 
we like to think of, then there are more than n positive integers. 
Thus, if the number we think of is 1,000,000, there are obviously 
at least 1,000,001 positive integers. Similarly the class of rational 
- numbers, or of real numbers, is infinite. It is convenient to 
express this by saying that there are an infinite number of 
positive integers, or rational numbers, or real numbers. But the 


reader must be careful always to remember that by saying this . 


we mean simply that the class in question has not a finite number 
of members such as 1000 or 1,000,000. 


53. Properties possessed by a function of n for large 
values of n. We may now return to the ‘functions of n’ which we 
were discussing in §§ 50—51. They have many points of difference 
from the functions of « which we discussed in Chap. II. But there 
is one fundamental characteristic which the two classes of func- 
tions have in common: thé values of the variable for which they 


are defined form an infinite class. tis this fact which forms the { 


basis of all the considerations which follow and which, as we shall 
see in the next chapter, apply, mutatis mutandis, to functions of « 
as well, 


Suppose that @(n) is any function of n, and that P is any 
property which ¢(n) may or may not have, such as that of being 
a positive integer or of being greater than 1. Consider, for each 
of the values n=1, 2, 3, ..., whether @(n) has the property P or 
not. ‘Then there are three possibilities:— 


(a) (n) may have the property P for all values of n, or for | 


all values of n except a finite number J of such values: 


{ 


{ 
; 


é ; 
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(b) (n) may have the property for no values of , or only for 
a finite number JV of such values: 


(c) neither (a) nor (6) may be true. 


If (b) is true, the values of » for which ¢ (n) has the property 
form a finite class. If (a) is true, the values of n for which ¢ (n) 
has not the property form a finite class. In the third case neither 
class is finite. Let us consider some particular cases. 

(1) Let @(n)=n, and let P be the property of being a positive integer. 
Then ¢ () has the property P for all values of n. 

If on the other hand P denotes the property of being a positive integer 
greater than or equal to 1000, then ¢(m) has the property for all values of 
except a finite number of values of », viz. 1, 2, 3, ..., 999. In either of 
these cases (a) is true. 

(2) If d(n)=n, and P is the property of being less than 1000, then (0d) is 
true. 

(3) If d(n)=n, and P is the property of being odd, then (c) is true. For 
¢(n) is odd if 7 is odd and even if 7 is even, and both the odd and the even 
values of 7 form an infinite class. 

Example. Consider, in each of the following cases, whether (a), (6), or 
(c) is true: 

(i)  (n)=n, P being the property of being a perfect square, 

(ii) (n)=pn, where pn denotes the nth prime number, P being the 

property of being odd, 

(iii) (n)=pn, P being the property of being even, 

(iv) (n)=pn, P being the property ¢ (n)>2, 

(v) (n)=1-(-1)"*(1/n), P being the property ¢ (n)<], 

(vi) (n)=1-(-1)"(1/n), P being the property ¢ (n)<2, 

(vii) (v)=1000{1+(-1)"}/n, P being the property ¢ (n)<1, 

(viii) @(n)=1/n, P being the property ¢ (n)<°001, «“ 

(ix) (n)=(—1)"/n, P being the property | ¢ (7) |<:001, 

(x)  (n)=10000/n, or (—1)"10000/n, P being either of the properties 

gh (n)<‘001 or | db (n)|<:001, 

(xi) (n)=(n—1)/(n+1), P being the property 1—(n)<‘0001. 


54. Let us now suppose that ¢(n) and P are such that the 
assertion (a) is true, ze. that o(n) has the property P, if not for 
all values of n, at any rate for all values of n except a finite 
number WN of such values. We may denote these exceptional 
values by 

N), Ne, «++, Nye s 


. er , 3 
~ 7, i Ae | ae » ©. facet ¢Cy OCR] I~ Sen OF 
(A) tics Gey bee pray P tw ib J7 Wwth? 


xe b 9a 
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There is of course no reason why these NV values should be the 
first N values 1, 2, ..., NV, though, as the preceding examples 
show, this 1s frequently the case in practice. But whether this 
is so or not we know that $(n) has the property P if n>ny. 
Thus the nth prime is odd if n > 2, n= 2 being the only exception 
to the statement; and 1/n < 001 if n > 1000, the first 1000 values 
of n being the exceptions; and 


1000 {1 +(-1)"/n<1 


if n> 2000, the exceptional values being 2, 4, 6, ..., 2000. That 
is to say, in each of these cases the property is possessed for all 
values of n from a definite value onwards. 


We shall frequently express this by saying that ¢ (n) has the 
property for large, or very large, or all sufficiently large values of n. 
Thus when we say that ¢ (n) has the property P (which will as a 


rule be a property expressed by some relation of inequality) for 


large values of n, what we mean is that we can determine some 
definite number, m) say, such that ¢(n) has the property for all 


values of n greater than or equal to m. This number n,, in the | 


examples considered above, may be taken to be any number 
greater than ny, the greatest of the exceptional numbers: it is 
most natural to take it to be ny+1. 


Thus we may say that ‘all large primes are odd’, or that ‘1/n is 
less than ‘001 for large values of n’. And the reader must make 
himself familiar with the use of the word large in statements of 
this kind. Large is in fact a word which, standing by itself, has 
no more absolute meaning in mathematics than in the language 
of common life. It is a truism that in common life a number 
which is large in one connection is small in another; 6 goals is a 
large score in a football match, but 6 runs is not a large score in a 
cricket match; and 400 runs is a large score, but £400 is not 
a large income: and so of course in mathematics large generally 
means large enough, and what is large enough for one purpose 
may not be large enough for another. 


We know now what is meant by the assertion ‘¢ (n) has the 
property P for large values of n’. It is with assertions of this 
kind that we shall be concerned throughout this chapter. 


“ 
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55. The phrase ‘n tends to infinity’. There is a some- 
what different way of looking at the matter which it is natural to 
adopt. Suppose that n assumes successively the values 1, 2, 3, .... 
The word ‘successively’ naturally suggests succession in time, and 
we may suppose 2, if we like, to assume these values at successive 
moments of time (eg. at the beginnings of successive seconds). 
Then as the seconds pass n gets larger and larger and there is 
no limit to the extent of its increase. However large a number 
we may think of (e.g. 2147483647), a time will come when n has 
become larger than this number. 


It is convenient to have a short phrase to express this unending 
growth of n, and we shall say that n tends to infinity, or n > 0, 
this last symbol being usually employed as an abbreviation for 
‘infinity’. The phrase ‘tends to’ like the word ‘successively’ 
naturally suggests the idea of change in time, and it is convenient 
to think of the variation of n as accomplished in time in the 
manner described above. This however is a mere matter of con- 
venience. The variable n is a purely logical entity which has in 
itself nothing to do with time. 


The reader cannot too strongly impress upon himself that 
when we say that n ‘tends to 0’ we mean simply that n is 
supposed to assume a series of values which increase continually 
and without limit, There is no number ‘infinity’: such an 
equation as 

Wee 


is as it stands absolutely meaningless: n cannot be equal to 0, 
because ‘equal to oo’ means nothing. So far in fact the symbol 
co means nothing at all except in the one phrase ‘tends to 0’, 
the meaning of which we have explained above. Later on we 
shall learn how to attach a meaning to other phrases involving 
the symbol , but the reader will always have to bear in mind 


(1) that oo by atself means nothing, although phrases con- 
taining it sometimes mean something, 


(2) that in every case in which a phrase containing the 
symbol co means something it will do so simply because we have 
previously attached a meaning to this particular phrase by means 
of a special definition. 
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Now it is clear that if ¢(n) has the property P for large values 
of n, and if n ‘tends to o’, in the sense which we have just 
explained, then n will ultimately assume values large enough to 
ensure that @(n) has the property P. And so another way of 
putting the question ‘what properties has ¢(n) for sufficiently 
large values of n?’ 1s ‘how does ¢ (n) behave as n tends to 0 ?’ 


56. The behaviour of a function of » as n tends to 
infinity. We shall now proceed, in the light of the remarks 
made in the preceding sections, to consider the meaning of some 
kinds of statements which are perpetually occurring in higher 
mathematics. Let us consider, for example, the two following 
statements: (a) 1/n is small for large values of n, (b) 1—(1/n) ts 
nearly equal to 1 for large values of n. Obvious as they may 
seem, there is a good deal in them which will repay the reader’s 
attention. Let us take (qa) first, as being slightly the simpler. 


We have already considered the statement *1/n 7s less than ‘01 
Jor large values of n’, This, we saw, means that the inequality 
1/n<‘01 is true for all values of n greater than some definite 
value, in fact greater than 100. Similarly it is true that ‘1/n is 
less than ‘0001 for large values of n’: in fact 1/n< ‘0001 if 
n>10000. And instead of ‘01 or ‘0001 we might take ‘000001 or 
‘00000001, or indeed any positive number we like. 

It is obviously convenient to have some way of expressing the 
fact that any such statement as ‘1/n is less than ‘01 for large 
values of n’ 1s true, when we substitute for ‘01 any smaller 
number, such as ‘0001 or ‘000001 or any other number we care 
to choose. And clearly we can do this by saying that ‘however 
small § may be (provided of course it is positive), then 1/n<6 for 
sufficiently large values of n’. That this is true is obvious. For 
1/n< 6 if n>1/8, so that our ‘sufficiently large’ values of n need 
only all be greater than 1/6. The assertion is however a complex 
one, in that it really stands for the whole class of assertions which 
we obtain by giving to 6 special values such as ‘01. And of course 
the smaller 6 is, and the larger 1/6, the larger must be the least of 
the ‘sufficiently large’ values of n: values which are sufficiently 
large when 6 has one value are inadequate when it has a smaller. 

The last statement italicised is what is really meant by the 


statement (a), that 1/n is small when v is large. Similarly 
H, 8 


NN 
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(b) really means “if p(n)=1—(1/n), then the statement ‘1— (n) <8 
for sufficiently large values of n’ is true whatever positive value 
(such as ‘01 or ‘0001) we attribute to 8”. That the statement (d) 
is true is obvious from the fact that 1—¢(n)=1/n. 


There is another way in which it is common to state the facts 
expressed by the assertions (a) and (b). This is suggested at once 
by § 55. Instead of saying ‘1/n is small for large values of n’ we 
say ‘1/n tends to 0 as n tends to ©’. Similarly we say that 
‘1 —(1/n) tends to 1 as n tends to ©’: and these statements are 
to be regarded as precisely equivalent to (a) and (b). Thus the 


statements 
‘1/n is small when 1 is large’, 


‘1/n tends to 0 as n tends to 00’, 
are equivalent to one another and to the more formal statement 


‘if 6 is any positive number, however small, then 1/n< 6 
for sufficiently large values of n’, 


or to the still more formal statement 


‘if 8 is any positive number, however small, then we can 
find a number n, such that 1/n <6 for all values of n greater 
than or equal to 7)’. 


The number », which occurs in the last statement is of course 
a function of 6. We shall sometimes emphasize this fact by 
writing 7, in the form 7 (6). 

The reader should imagine himself confronted by an opponent who 
questions the truth of the statement. He would name a series of numbers 
growing smaller and smaller. He might begin with 001. The reader would 
reply that 1/n<:001 as soon as n>1000. The opponent would be bound to 
admit this, but would try again with some smaller number, such as ‘0000001. 
The reader would reply that 1/n<-0000001 as soon as 7 >10000000: and so 
on. In this simple case it is evident that the reader would always have the 
better of the argument. 


We shall now introduce yet another way of expressing this 
property of the function 1/n.. We shall say that ‘the limit of 1/n 
as n tends to » is 0’, a statement which we may express symboli- 
cally in the form 


lim Ln. 
nao 
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or simply lim (1/n)=0. We shall also sometimes write 
‘1/n—0 


as 2» 00’, which may be read ‘1/n tends to 0 as n tends to 0’; or 
simply ‘1/n-0’. In the same way we shall write 


a (1-=)=1, fie (1-2) =1, 
no nr iL 


57. -Now let us consider a different example: let $ (n) =n 
Then ‘n? is large when n is large’. This statement is equivalent 
to the more formal statements 


‘if A is any positive number, however large, then n?>A 
for sufficiently large values of n’, 


‘we can find a number n, (A) such that n?> A for all values 
of n greater than or equal to n,(A)’. 


And it is natural in this case to say that ‘n? tends to 0 as n 
tends to 0’, or ‘n? tends to o with n’, and to write 


n?—>20, 


Finally consider the function @(n)=—n* In this case d(n) 
is large, but negative, when n is large, and we naturally say that 
‘—n? tends to — oo as n tends to 0’ and write 


—12 »—. 


And the use of the symbol —o in this sense suggests that it 
will sometimes be convenient to write n?->+ 0 for n?—~>o and 
generally to use + instead of oo, in order to secure greater 
uniformity of notation. 


But we must once more repeat that in all these statements 
the symbols 0 ,+0,—0oo mean nothing whatever by themselves, 
and only acquire a meaning when they occur in certain special 
connections in virtue of the explanations which we have just 


given. 
8—2 
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58. Definition of a limit. After the discussion which 
precedes the reader should be in a position to appreciate the 
general notion of a limit. Roughly we may say that ¢(n) tends 
toa limit | as n tends to © if $(n) ts nearly equal to l when n is 
large. But although the meaning of this statement should be 
clear enough after the preceding explanations, it is not, as it 
stands, precise enough to serve as a strict mathematical definition. 


\\It is, in fact, equivalent to a whole class of statements of the 
\\type ‘for sufficiently large values of n, 6(n) differs from 1 by less 


/than 8’. This statement has to be true for 8 = ‘01 or 0001 or any 
positive number; and for any such value of 6 it has to be. true for 
any value of n_after a certain definite value n,(6), though the 
smaller 6 is the larger, as a rule, will be this value n, (8). 

We accordingly frame the following formal definition: 


DEFINITION I. The function (n) 1s said to tend to the limit 
Las n tends to ©, rf, however small be the positive number &, 
d (n) differs from lL by less than 6 for sufficiently large values of n; 
that is to say vf, however small be the positive number 6, we can 
determine a number no (8) corresponding to 8, such that h(n) differs 
from L by less than 6 for all values of'n greater than or equal to n (8). 

It is usual to denote the difference between ¢ (7) and J, taken 
positively, by |p (nm) —! —l|. It is equal to ¢(n)—1 or tol— b(n), 
whichever is positive, and agrees with the definition of the 
modulus of @(n)—J, as given in Chap. III, though at present 
we are only considering real values, positive or negative. 


With this notation the definition may be stated more shortly 
as follows: ‘if, given any positive number, 6, however small, we 
can find n, (8) so that | p(n)—1|< 6 when n Zn (8), then we say 
that $ (n) tends to the linut | as n tends to ©, and write 


lim ¢$ (n) =0’. 


Sometimes we may omit the ‘n-»«’; and sometimes it is convenient, for 
brevity, to write d (2). 

The reader will find it instructive to work out, in a few simple cases, the 
explicit e: expression of 7 as a function of 6. Thus if @(#)=1/n then /=0, and 
the condition reduces to 1/n<8 for nZ%, which is satisfied if m)=1+[1/8]*. 
There is one and only one case in which the same mp will do for all ‘values of 6. 


* Here and henceforward we shall use {z] in the sense of Chap. IT, z.e. as the 


greatest integer not greater than x, 


58-60] POSITIVE INTEGRAL VARIABLE 117 


If, from a certain value V of x onwards, ¢ (7) is constant, say equal to C, then 
it is evident that @ (x) -C=0 for n ZW, so that the inequality | p(z)-—C| <8 
is satisfied for n2M and all positive values of 6 And if | p(n)—-l| <8 for 
n= WN and all positive values of 6, then it is evident that ¢ (n)=d when 22, 
so that ¢ (z) is constant for all such values of x. 


59. The definition of a limit may be illustrated geometrically 
as follows. The graph of ¢(n) consists of a number of points 
corresponding to the values n=1, 2, 3, .... 


Draw the line y=1, and the parallel lines y=1/—6, y=1+6 
at distance 6 from it. Then 


lim @ (n) = 1, 


V ] ie pe? 2) 


Ny 
Fig. 27. 


if, when once these lines have been drawn, no matter how close 
they may be together, we can always draw a line #=%, as in the 
figure, in such a way that the point of the graph on this line, and 
all points to the right of it, lie between them. We shall find 
this geometrical way of looking at our definition particularly 
useful when we come to deal with functions defined for all values 
of a real variable and not merely for positive integral values. 


60. So much for functions of x which tend to a limit as 
tends to 2%. We must now frame corresponding definitions for — 
functions which, ike the functions n? or —7?, tend to positive or 
negative infinity. The reader should by now find no difficulty in 
appreciating the point of 

DeriniTion Il The function $(n) is said to tend to +a 
(positive infinity) with n, if, when any number A, however large, 
is assigned, we can determine nm (A) so that p(n) > A when n Zn (A); 
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that is to say tf, however large A may be, @(n)>A for sufficiently 
large values of n. 


Another, less precise, form of statement is ‘if we can make 
(n) as large as we please by sufficiently increasing n’. This is 
open to the objection that it obscures a fundamental point, viz. 
that b (n) must be greater than A for all values of n such that 
Nn = NM, an and not merely for some such values. But there is no 
harm in using this form of f expression if we are clear what it 
means. 


When ¢(n) tends to + 0 we write 
(2) > +0, 


We may leave it to the reader to frame the corresponding 
definition for functions which tend to negative infinity. 


61. Some points concerning the definitions. The reader 
should be careful to. observe the following points. 


(1) We may obviously alter the values of $(n) for any 
finite number of values of n, in any way we please, without in 
the least affecting the behaviour of @(n) as nm tends to o. For 
example 1/n tends to 0 as n tends to «. We may deduce any 
number of new functions from 1/n by altering a finite number of 
its values, For instance we may consider the function ¢(n) which 
is equal to 3 for n=1, 2, 7,11, 101, 107, 109, 237 and equal to 
1/n for all other values of n. For. this function, just as for the 
original function 1/n, lim g@(n)=0. Similarly, for the function 
o (n) which is equal tog if n=1, 2, 7, IE, LOL Lore), 2375 awe 
to n? otherwise, it is true that d(m)>+0. « 


(2) On the other hand we cannot as a rule alter an ee 
number of the values of ¢(n) without affecting fundamentally its 
behaviour as n tends to co. If for example we altered the function 
1/n by changing its value to 1 whenever n is a multiple of 100, 
it would no longer be true that lim¢@(n)=0. So long as a finite 
number of values only were affected we could always choose the 
number », of the definition so as to be greater than the greatest 
of the values of n for which ¢(n) was altered. In the examples 
above, for instance, we could always take n, > 237, and indeed we 
should be compelled to do so as soon as our imaginary opponent 
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of § 56 had assigned a value of 6 as small as 3 (in the first 
example) or a value of A as great as 3 (in the second). But 
now however large n, may be there will be greater values of n for 
which ¢(n) has been altered. 


(8) In applying the test of Definition I it is of course 
absolutely essential that we should have | $(n)—1|<6 not merely 
when ” = but when nZ2%, ue. for n, and for all larger values | 
ofn. It is obvious, for example, that, if @ (n) is the function last | 
considered, then given 6 we can choose 1 so that | ¢(n)|< 6 when 
n=: we have only to choose a sufficiently large value of n 
which is not a multiple of 100. But, when n, is thus chosen, it 
is not true that |¢(n)|<6 when nZ2%: all the multiples of 100 
which are greater than 1 are exceptions to this statement. 


(4) If $(n) is always greater than J, we can replace 
ip(n)—1| by d(n)—l. Thus the test whether 1/n tends to the 
limit 0 as n tends to o is simply whether 1/n<6 when nZn,. —— 
If however $ (n) =(—1)"/n, then is again 0, but ¢(n)—1 is some- 
times positive and sometimes negative. In such a case we must 
state the condition in the form |¢(n)—Jl|<6, for example, in 
this particular case, in the form | ¢(n)|<6. 


(5) The limit | may ttself be one of the actual values of 
d(n). Thus if @(n)=0 for all values of n, it is obvious that 
lim @(n)=0. Again, if we had, in (2) and (8) above, altered 
the value of the function, when n is a multiple of 100, to 0 
instead of to 1, we should have obtained a function ¢ (nm) which 
is equal to 0 when n is a multiple of 100 and to 1/n otherwise. 
The limit of this function as n tends to « is still obviously zero. } 
This limit is itself the value of the function for an infinite number | > 
of values of n, viz. all multiples of 100. 


On the other hand the limit itself need not (and in general will | 
not) be the value of the function for any value of n. This is 
sufficiently obvious in the case of ¢(n)=1/n. The limit is zero; 
but the function is never equal to zero for. any value of n. 


The reader cannot impress these facts too strongly on his 
mind. A limit is not a value of the function: it is something -—~ 
quite distinct from these values, though it is defined by its relations 
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to them and may possibly be equal to some of them. For the 


functions 

. b(n), I, 

the limit is equal to all the values of (n): for 
b(n)=1/n, (~—1)"/n, 1+(1/n), 14+{(- 1)"/n} 


it is not equal to any value of $(n): for 


 (n) = (sin $nr)/n, 1+ {(sin dnr)/n} 
(whose limits as n tends to o are easily seen to be 0 and 1, since 
sin $nm is never numerically greater than 1) the limit is equal to 
the value which $(n) assumes for all even values of n, but the 
values assumed for odd values of n are all different from the limit 
and from one another. 


(6) A function may be always numerically very large when 
n is very large without tending either to +0 or to —o. A 
sufficient illustration of this is given by ¢ (n)= (—1)"n». A function 
can only tend to +o or to —o if, after a certain value of n, 
it maintains a constant sign. 


Examples XXIII. Consider the behaviour of the following functions 
of x as” tends to o : 


1. $(n)=n*, where & is a positive or negative integer or rational fraction. 
If & is positive, then n* tends to +0 with n. If k is negative, then lim *=0, 
If k=0, then n*=1 for all values of n. Hence lim n*=1. 


The reader will find it instructive, even in so simple a case as this, to 
write down a formal proof that the conditions of our definitions are satisfied. 
Take for instance the case of £>0. Let A be any assigned number, however 
large. We wish to choose my so that n*>A when n27. We have in fact only 
to take for v) any number greater than 4/A. If eg. k=4, then n4>10000 when 
211, n*>100000000 when n 2101, and so on. . 


2. (2)=pn, where py is the nth prime number. If there were only 
a finite number of primes then ¢ (2) would be defined only for a finite number 
of values of x. There are however, as was first shown by Euclid, infinitely 
many primes. Euclid’s proof is as follows. If there are only a finite 
number of primes, let them be 1, 2, 3, 5, 7, 11,....¥. Consider the number 
1+(1.2.3.5.7.11 ... VY). This number is evidently not divisible by 
any of 2, 3, 5, ... WV, since the remainder when it is divided by any of 
these numbers is 1. It is therefore not divisible by any prime save 1, and 
is therefore itself prime, which is contrary to our hypothesis. 


It is moreover obvious that ¢(n)>n for all values of n (save n=1, 2, 3). 
Hence $(n)>+o. 
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3. Let d(n) be the number of primes less thann. Here again ¢(n)>+o. 


4. (n)=[an], where a is any positive number. Here 

o(n)=0 OSn<l/a), O(n)=1 (l/asn<2/a), 
and so on; and @(n)>+o. 

5. - If d(x) =1000000/n, then lim @ (n)=0: and if (x) =7/1000000, then 
W(n)>+0. These conclusions are in no way affected by the fact that at first 
¢ (m) is much larger than y (7), being in fact larger until 2 =1000000. 

6. d(n)=1/{n-(—-1)}, n-(-1)", n {1-(-1)"}._ The first function tends 
to 0, the second to +0, the third does not tend either to a limit or to +0. 


7. (n)=(sin nOr)/n, where @ is any real number. Here | ¢ (x) |<1/n, 
since |sinn6ér|<1, and limd(z)=0. 


8. (n)=(sin nOz)/,/n, (a cos? 26 +b sin? n6)/n, where a and b are any real 
numbers. 


9 d(n)=sinnéz. If @ is integral then ¢(n)=0 for all values of n, and if 


therefore lim ¢ (n)=0. 
Next let 6 be rational, e.g. =p/q, where » and g are positive integers. 


Let n=aq+6 where a is the quotient and b the remainder when 7 is divided j 


by g. Then sin (npr/q)=(— 1)” sin (bpr/q). Suppose, for example, p even ; 
then, as 2 increases from 0 to g—1, ¢@(n) takes the values 

0, sin(pr/q), sin (2pm/q), ... sin {(¢— 1) pa/g}. 
When 2 increases from g to 2qg~-1 these values are repeated; and so also 
as n goes from 2q¢ to 3¢—1, 8g to 4g—1, and so on. Thus the values of ¢ (72) 


form a perpetual cyclic repetition of a finite series of different values. It is | 
evident that when this is the case ¢() cannot tend to a limit, nor to +o, / 


nor to —#, as 7 tends to infinity. 


The case in which @ is irrational is a little more difficult. It is discussed 
in the next set of examples. 


62. Oscillating Functions. Derinition. When ¢ (n) does 
not tend to a limit, nor to +, nor to —«%, as n tends to 0, we 
say that $(n) oscillates as n tends to ~. 


A function ¢(n) certainly oscillates if its values form, as 
in the case considered in the last example above, a continual 
repetition of a cycle of values. But of course it may oscillate 


dinate hens 


without possessing this peculiarity. Oscillation is defined in a f 
purely negative manner: a function oscillates when it does not do | <~ 


certain other things. 


“Ne 


— 
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The simplest example of an oscillatory function is given by 


$ (n) =(— 1)", 
which is equal to +1 when n is even and to —1 when n is odd. 
In this case the values recur cyclically. But consider 


$ (n)=(-1) +(1/n), 
the values of which are 
—14+1, 14+(1/2), -—14+(/8) 14+(/4), —1+(1/5),.... 
When n is large every value is nearly equal to +1 or —1, and 
obviously @ (n) does not tend to a limit or to + or to — 0, and 
therefore it oscillates: but the values do not recur. It is to be 
observed that in this case every value of ¢(n) is numerically less 
than or equal to 3/2. Similarly 
d (n) = (— 1)” 100 + (1000/2) 
oscillates. When 7 is large, every value is nearly equal to 100 
or to —100. The numerically greatest value is 900 (for n=1). 
But now consider $(n)=(— 1)" n, the values of which are —1, 2, 
—3,4,—5,.... This function oscillates, for it does not tend to a 
limit, nor to + 0,nor to —oo. And in this case we cannot assign 
any limit beyond which the numerical value of the terms does 
not rise. The distinction between these two examples suggests a 
further definition. 


DEFINITION. If $(n) oscillates as n tends to o, then (nm) will 
be said to oscillate finitely or infinitely according as it is or 1s not 
possible to assign a number K such that all the values of $(n) are 
numerically less than K, v.e.|@(n)|< K for all values of n. 


These definitions, as well as those of §§ 58 and 60, are further 
illustrated in the following examples. 


Examples XXIV. Consider the behaviour as 2 tends to © of the 
following functions: 
1. (-1)*, 5+3(-1)%, (1000000/n)+(-—1)", 1000000 (-1)"+ (1/7). 
-2, (—1)"n, 10000004+(—1)". 
3. 1000000-2, (—1)"(1000000-2). 
4, n{1+(-—1)"}. In this case the values of ¢ (m) are 
0, 4 0, 8, aT, 10), wen... 
The odd terms are all zero and the even terms tend to +a: (mn) 
oscillates infinitely. 
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5. n®+(—1)"2n. The second term oscillates infinitely, but the first is 
very much larger than the second when 7 is large. In fact @(n)2n?-2n and 
—2n=(n-1)?—1 is greater than any assigned value A if n>1+,/(A+1). 
Thus @(n)>+0. It should be observed that in this case $(24+1) is 
always less than ¢ (24), so that the function progresses to infinity by a con- 
tinual series of steps forwards and backwards. It does not however ‘oscillate’ 
according to our definition of the term. 


6. wo+(-1)"%, (-)+n, 8 +(-1)" 22. 


7. sinn@m. We have already seen (Exs, xxl. 9) that $() oscillates fr 
finitely when 6 is rational, unless @ is an integer, when ¢ (n)=0, d (nr) > 0. 


The case in which 6 is irrational is a little more difficult. But it is not 
difficult to see that ¢(n) still oscillates finitely. We can without loss of 
generality suppose 0<6<1. In the first place |@(n)|<1. Hence d(x) 
must oscillate finitely or tend to a limit. We shall consider whether the 

second alternative is really possible. Let us suppose that 


lim sin n6r=. 


Then, however small § may be, we can choose v, so that sin n6m lies between 
¢—8 and 7+6 for all values of » greater than or equal to 7. Hence 
sin (n+1) Or—sin nOm is numerically less than 28 for all such values of n, 
; and so |sin 6m cos (n+4) Om | <6. 
Hence cos (n+4) Om =cos nOr cos $ Om —Ssin nO Sin 4 Or 
must be numerically less than 6/|sin $67 |. Similarly 
cos (n— 4) Or =cos nOr cos $ Oa +sin nOr sin 4 Or 
must be numerically less than 6/| sin 4472]; and so each of cos nz cos 4 67, 
sin n6zx sin 4 6m must be numerically less than 8/|sin46z|. That is to say, 
cos nOx cos$6m is very small if m is large, and this can only be the case 
if cos ném is very small. Similarly sinném must be very small, so that / 
must be zero. But it is impossible that cos 2m and sin nOm can both be 
very small, as the sum of their squares is unity. Thus the hypothesis that } 
sin n6m tends to a limit 2 is impossible, and therefore sin x8 oscillates 
as n tends to o. . y 


The reader should consider with particular care the argument 
‘cos nOm cos$6m is very small, and this can only be the case if cos ér | 
is very small’, Why, he may ask, should it not be the other factor cos $67 
which is ‘very small’?’ The answer is to be found, of course, in the meaning | 
of the phrase ‘very small’ as used in this connection. When we say ‘¢ (7) 
is very sma for large values of 7, we mean that we can choose zp so that | 
¢(n) is numerically smaller than any assigned number, if » is sufficiently ; 
large. Such an assertion is palpably absurd when made of a fixed number | 
such as cos$6zm, which is not zero, 

Prove similarly that cos n6z oscillates finitely, unless @ is an even integer. 

8. sinndr+(1/n), sinndr+1, sinnér+n, (—1)"sin 26m. 

9. acosnér+bsin nda, sin? nOr, a cos?nOa +b sin? nor. 


o> 
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10. a+bn+(—-1)" (e+dn)+e cos nO6r +f sin 26x. 


ll. nsinnér. If x is integral, then d(n)=0, d(n)>0. If 6 is rational 
but not integral, or irrational, then ¢ (z) oscillates infinitely. 


12. n(acos*nOar+bsin?n6r). In this case d(x) tends to +o if a and 
6 are both positive, but to —o if both are negative. Consider the special 
cases in which a=0, b>0, or a>0, b=0, or a=0, b=0. If a and 6 have 
opposite signs (x) generally oscillates infinitely. Consider any excep- 
tional cases. 

13. sin (767). If 6 is integral, then ¢(n)>0. Otherwise ¢ (7) oscillates 
finitely, as may be shown by arguments similar to though more complex 
than those used in Exs. xxi. 9 and xxiv. 7%, 

14, sin(n! 67). If 6 has a rational value p/q, then 2! 6 is certainly 
integral for all values of ” greater than or equal tog. Hence d@(n)>0. The 
case in which @ is irrational cannot be dealt with without the aid of considera- 
tions of a much more difficult character. 

15. cos(n!6m), acos? (x! Or)+b sin? (x ! 62), where 6 is rational. 

16. an—[bn], (-—1)" (an —[bn)). 17%. [Jn], (- 1)" [V2], /n-[J/2]. 

18. The smallest prime factor ofn. When nisa prime, @(2)=n. When 
n is even, d(n)=2. Thus ¢ (x) oscillates infinitely. 


19. The largest prime factor of n. 

20. The number of days in the year n A.D. 

Examples XXV. 1. If d(m)>+0 and ¥(n)2¢(x) for all valucs of 
n, then w(n)> +0. 

2. If d(n)-0, and | (x)|S|(x)| for all values of n, then y (n)—0. 

3. If lim | ¢ (z)|=0, then lim ¢ (n)=0. 

4, If¢(n) tends to a limit or oscillates finitely, and | (7) | S| @ (n) | when 
N Zito, then (x) tends to a limit or oscillates finitely. 

5. If (n) tends to +0, or to —o, or oscillates infinitely, and 

I y(n) | El-p (a) | 

when 27), then y(n) tends to + or to — or oscillates infinitely. 


6. ‘If @(x) oscillates and, however great be 7), we can find values of 7 
greater than 7) for which (x) > (zn), and values of 2 greater than 2 for 
which y(n) <¢(n), then W(x) oscillates’, Is this true? If not give an 
example to the contrary. 


» 


7. If d(n)>l as n>o, then also d(n+p)—/, p being any fixed integer. 
[This follows at once from the definition. Similarly we see that if  (n) tends 
to +o or —o or oscillates so also does ¢ (n+p). | 

8. The same conclusions hold (except in the case of oscillation) if » varies 
with 7 but is always numerically less than a fixed positive integer JV ; or if p 
varies with 7 in any way, so long as it is always positive. 
* See Bromwich’s Infinite Series, p. 485. %%, %u y 4 
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9. Determine the least value of 2 for which it is true that 
(a) n?+2n>999999 (nZ%5), (0) n?+2n>1000000 (2275). 
10. Determine the least value of 7) for which it is true that 
(a) n+(—1)">1000 (nZm), (6) n+(—1)">1000000 (nZn). 
11. Determine the least value of 7 for which it is true that 
(4) W+2n>4 (nZN); (0) n+(—1)">A4 (nzZn), ? 
A being any positive number. 
[(a) mo=[/(A4+1)]: (0) m=14[4] or 2+[4], according as [A] is odd or 
even, 1.é. m=1+[4]+$ (1+(—)4}.] 
12. Determine the least value of 2) such that 
(a) n/(n?+1)<:0001, (b) (1/n)+ {(—1)"/n} <-00001, 
when x27. [Let us take the latter case. In the first place 
(1/n) + {(—1)"/n?} (n+ 1)/n’, 
and it is easy to see that the least value of m), such that (2+1)/n?<-000001 


when 727%, is 1000002. But the inequality given is satisfied by 7=1000001, 
and this is the value of 2) required.] 


63. Some general theorems with regard to limits. 
A. The behaviour of the sum of two functions whose 
behaviour is known. 


THEOREM I. If g(n) and Win) tend to limits a, b, then 
h(n) + (n) tends to the limit a+b. 


This is almost obvious*. The argument which the reader will 


* There is a certain ambiguity in this phrase which the reader will do well to 


notice. When one says ‘such and such a theorem is almost obvious’ one may | 
mean one or other of two things. One may mean ‘it is difficult to doubt the truth | 
of the theorem’, ‘ the theorem is such as common-sense instinctively accepts’, as — 


it accepts, for example, the truth of the propositions ‘2+2=4’ or ‘the base-angles 
of an isosceles triangle are equal’. That a theorem is ‘obvious’ in this sense does 
not prove that it is true, since the most confident of the intuitive judgments < of | 
common sense are often found to be mistaken; and even if the theorem is true, 
the fact that it is also ‘ obvious’ is no reason for not proving it, if a proof can be 


found. // The object of mathematics is to prove that certain premises imply certain /) Fs 

conclusions (and the fact that the conclusions may be as ‘obvious’ as the premises | 

never detracts from the necessity, and often not even from the interest of the proof. | 
But sometimes (as for example here) we mean by ‘this is almost obvious’ | \ : 


i 


something quite different from this, We mean ‘a moment’s reflection should not 
only convince the reader of the truth of what is stated, but should also suggest to 
him the general lines of a rigorous proof’. And often, when a statement is 
‘obvious’ in this sense, one may well omit the proof, not because the proof is in 
any sense unnecessary, but because it is a waste of time and space to state in detail 
whai the reader can easily supply for himself, 


ii 


t 
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at once form in his mind is roughly this: ‘when n is large, ¢ (n) is 
nearly equal to a and y(n) to b, and therefore their sum is nearly 
equal to a+b’. It is well to state the argument quite formally, 
however. | 

Let 6 be any assigned positive number (e.g. ‘001, ‘0000001, ...). 
We require to show that a number n, can be found such that 


lp (nyt (n)—a—D[ <8 Loe eee (1), 
when n 2m. Now by a proposition proved in Chap. IIT (more 
generally indeed than we need here) the modulus of the sum of 
two numbers is less than or equal to the sum of their moduli. 


Thus 

lp (n) + (n)-a—b| S| h(r)-a|+| Pm). 
It follows that the desired condition will certainly be satisfied-if | 
nm, can be so chosen that — 


|p (m) —a|+ [yr (n)—B/ <8 -. cee eeeeee, (2), 
when n Zn. But thisis certainly the case. For since lim ¢(n)=a 
we can, by the definition of a limit, find n, so that | ¢ (n)—a| <8 
when n 2, and this however small & may be. Nothing prevents 
our taking 8’ = 46, so that |¢(n)-—a|<4$6 whenn 27. Similarly 
we can find n, so that |r (n)—b|<46 when nZ nm. Now take n, 
to be the greater of the two numbers m, %. Then |p (n)—a| < 46 
and | (n) —b| < 46 when n 2m, and therefore (2) is satisfied and 
the theorem is proved. 

The argument may be concisely stated thus: since lim ¢(n)=a and 
lim y (n)=b, we can choose 7, %2 so that 
| p(n)—a| <$8 (nZm), |W (n)-b| <3d (nZm); 
and then, if » is not less than either 7 or 72, st 
| (2) + (n)-a—b| S| b(n) - —a|+|¢ (n)— b|<6; 
and therefore lim { (x) + (n)}=at+b. 

64. Results subsidiary to Theorem I. The reader should 
have no difficulty in verifying the following subsidiary results. 

1. If b(n) tends to a limit, but y(n) tends to+ 0 or to — 
or oscillates finitely or infinitely, then o(n)+r(n) behaves like 
ap (n). 

2. If b(n)++o0, and w(n)>+0 or oscillates finitely, 
then d(n) + y(n) >+ 0. | 
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In this statement we may obviously change +00 into —o 
throughout. 


3. If g(n)>0 and wi(n)>+—, then d(n)+p(n) may 
tend either to a limit or to + or to — 0 or may oscillate either 
finitely or infinitely. / bs 4 y- Dy ogeW bw, , ree. Hw 


These five possibilities are illustrated in order by (i) ¢(n)=n, p(n) = —2, 
(ii) $ (a)=n%, ¥(n)=—n, (ii) $ (x)=, (a) = —n4, (iv) $ (n)=nt(-1), 
vy (2) = —2, (v) b(n) =n? +(—1)"2, Y (2)=—n*. The reader should construct f a» 
additional examples of each case. 


4 If f(n)>+0 and y(n) oscillates infinitely, then } , 
d(n)+w(n) may tend to +o or oscillate infinitely, but cannot — 
tend to a lamit, or to —o, or oscillate finitely. 

For wp (2) = { (2) + (2)} — p (2) ; and, if p(n) + (2) behaved in any of the 
three last ways, it would follow, from the previous results, that ~(n)>—o, 
which is not the case. As examples of the two cases which are possible, 
consider (i) d (n)=n*, W(n)=(-1)"2, (ii) d(n)=n, W(n)=(-1)"n2%. Here 
again the signs of +0 and —o may be permuted throughout. 


5. If d(n) and  (n) both oscillate finitely, then $(n) + (n) 
must tend to a limit or oscillate finitely. 


As examples take 
Zi) O$@=(-1, b(m)=(-1)*}, (ii) 6 (m= (m)=(-1). 


6. If (n) oscillates finitely, and wW(n) infinitely, then 
b(n) + (n) oscillates infinitely. 


For ¢ (nm) is in absolute value always less than a certain constant, say K. 
On the other hand (7), since it oscillates infinitely, must assume values 
numerically greater than any assignable number (e.g. 10K, 100K,...). Hence 
@(n)+y(n) must assume values numerically greater than any assignable — 
number (e.g. 9A, 99K,...). Hence $(n)+ y(n) must either tend to +0 or 
~-oo or oscillate infinitely. But if it tended to +o then 


¥ (2) ={h (2) + (2)} — G (n) 
would also tend to +, in virtue of the preceding results. Thus ¢ (7)+w (x) 
cannot tend to +o, nor, for similar reasons, to ~o: hence it oscillates 
infinitely. 

7. If both $(n) and > (n) oscillate infinitely, then $ (n) + (n) 
may tend to a limti, or to + ©, or to — w, or oscillate either finitely 
or infinitely. 

Suppose, for instance, that  (7)=(—1)*n, while ¥-(z) is in turn each of 
the functions (—1)"*1n, {14(-1)**}n,.- (14(-)"n, (-1)"*!(n4+1),. 
(—1)"2. We thus obtain examples of all five possibilities. 
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The results 1—7 cover all the cases which are really distinct. 
Before passing on to consider the product of two functions, we 
may point out that the result of Theorem I may be immediately 
extended to the sum of three or more functions which tend to 
limits as n>. 


65. B. The behaviour of the product of two functions 
whose behaviour is known. We can now prove a similar 
set of theorems concerning’ the product of two functions. The 
principal result is the following. 


THeorREM II, Jf lim $(n)=a and lim  (n) =), then 
renee 
lim ¢ (n) v(m) =ab. 
Let on) =a tgi(n), H(n)=b+ Vi (n), 
so that lim ¢, (n) =0 and lim y,(n)=0. Then 


(2) y(n) = ab + ary (n) + boi (2) + $1 (2) Yr (7). 
Hence the numerical value of the difference $(n)W(n)— ab is 
certainly not greater than the sum of the numerical values of 


avr, (n), bd (n), di(r) y(n). From this it follows that 
lim {@ (n) y(n) — ad} =0, 


which proves the theorem. 


The following is a strictly formal proof. We have 
|p (2) p(n) —ab| S| ayy (n)| + | bdr (”)| + [hi (@) || @) |. 


Assuming that neither a nor b is zero, we may choose 7 so that 
| Pi()|< 38/10], [Wil |<32/{e], 
when2z 27. Then 
|p (2) p (m) —ab! < 48 +334 ($87/(| a |} 6))}, 
which is certainly less than 8 if 5<4|a@||6|. That is to say we can choose 
no so that | hb (2) y(n) —ab| < 8 when x 2 m, and so the theorem follows. The 


reader should supply a proof for the case in which at least one of a@ and 6 is 
zero. 


We need hardly point out that this theorem, like Theorem I, 
may be immediately extended to the product of any number of 
functions of n. There is also a series of subsidiary theorems 
concerning products analogous to those stated in § 64 for sums. 
We must distinguish now siz different ways in which ¢(n) may 
behave as n tends to o. It may (1) tend to a limit other than 
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zero, (2) tend to zero, (8a) tend to +, (8b) tend to —o, 
(4) oscillate finitely, (5) oscillate infinitely. ih 1s not necessary, as 
a rule, to take account separately of (8a) and (3b), as the results 
for one case may be deduced from those for the other by a change 
of sign. 


To state these subsidiary theorems at length would occupy. more space 
than we can afford. We select the two which follow as examples, leaving the 
verification of them to the reader. He will find it an instructive exercise to = 
formulate some of the remaining theorems himself. 


(i) Lf p(n) >+0 and y(n) oscillates finitely, then h (n)  (n) must tend 
to +2 or to —o or oscillate infinitely. 

Examples of these three possibilities may be obtained by taking ¢ (n) to 
be m and ¥ (7) to be one of the three functions 2+(-1)", ~2-(—1)", (-1)% 

(i) Lf p(n) and y(n) oscillate finitely, then ¢o (n) vag must tend to a 
limit (which may be zero) or oscillate finitely. 

For examples, take (a) @(x)=y(n)=(-1)%, (0)  (n)=14+(—-1)*, 

W (n)=1-—(-1)%, and (c) $(n)=cos4nm, ¥(n)=sin har. 

A particular case of Theorem II which is Important is that | 
in which y(n) is constant. The theorem then asserts simply 
that lim kd (n) = ka if lim o(n)=a. To this we may join the | 
subsidiary theorem that if @(n)++0 then kd(n)>++0 or 
k b(n) ->— ©, according as k is positive or negative, unless k = 0, 
when of course kf (n)=0 for all values of n and lim k(n) =0. 
And if $() oscillates finitely or infinitely, then so. does kd (n), 
unless k = 0. 


66. C. The behaviour of the difference or quotient of 
two functions whose behaviour is known. There is, of 
course, a similar set of theorems for the difference of two given 
functions, which are obvious corollaries from what precedes, In 
order to deal with the quotient 


$ (n) 
p(n)’ 


we begin with the following theorem. 


THEOREM III. Jf lim ¢ (n) =a, and a is not zero, then 


Si 
O(n) a" 
Let Po =a4 $m), 


Il, 9 
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so that lim ¢,(n)=0. Then - uw 


1 i tem <a eee 
$(n) al” [alja+ b:(m)|’ mod V4 
and it is plain, since lim ¢,(n)=0, that we can choose 7 so that 
this is smaller than any assigned number 8 when n 2 nm. 


From Theorems II and III we can at once deduce the principal 
theorem for quotients, viz. 


THEOREM IV. Jf lim ¢(n)=a and lim y(n) =), and b ts not 
zero, then 
ait (n) @ 


mp (n) ay 
The reader will again find it instructive to formulate, prove, 
and illustrate by examples some of the ‘subsidiary theorems’ 
corresponding .to Theorems IIT and IV. 


67. TurorEM V. If R{d(n), (nv), x (n), ...} ts any rational 
function of d(n), (nr), X% (nM), ..., 1e any function of the form 
Pip(n) v(m), xm), + -$/2{6™, HM, XM, +}, 
where P and Q denote polynomials in $(n),  (n), x(n), ...: and of 
lim @(v)=a, lim ¥(n)=b, limy(n)=c,..., 
and Q (a, b, ¢,...) 90; 
then lim RB {¢ (n), (2), x(n), ...} = Ba, b, ¢,...). 
For P is a sum of a finite number of terms of the type 
A {6 (0)? (Yr (J? 
where A is a constant and p, q, ... positive integers. This term, 
by Theorem II (or rather by its obvious extension to the product 
of any number of functions) tends to the limit Aa?b?..., and so P 
tends to the limit P (a, b.c¢,...), by the similar exam’ of 
Theorem I. Similarly Q tends to Q (a, b,c, ...); and the result 
then follows from Theorem IV. 


68. The preceding general theorem may be applied to the 
following very important particular problem : what is the behaviour 
of the most general rational function of n, viz. 

__ Ayn? + ANP + ... + Ap 
Or bynt + bn +... + bq’ 
as n tends to 0*? 


* We naturally suppose that neither a) nor by is zero. 
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In order to apply the theorem we transform S (n) by writing 
it in the form , 


nea l(ay+% + ne, +2) (0474 weet 2) 


The function in curly brackets is of the form.R {¢ (n)}, where 
p(n)=1/n, and therefore tends, as n tends to o, to the limit 
£(0)=a)/b. Now n?-9+0 if p<q; n?-¢=1 and n?-9+1 if 
p= q; and n?-I-> +0 ifp>g. Hence, by Theorenr II, 


lim S(n)=0 (p <q), 
lim S(n)=a/bo (p=q), 
S(n)>~+0 (p>q, a/b positive), 
S(n)>~—c (p>q, a/b, negative). 


Examples XXVI. 1. What is the behaviour of the functions 
m—1\2 n(@al\? +1 nwt 
(=) 5) ey G5). a (=—1) no 


2. Which (if any) of the functions 


as n>n? 


1/(cos*$nm +n sin? 4nm), 1/{n (cos?hnw+nsin?4nzm)}, 
(n cos? $n +sin? $n1)/{n (cos? 4m +n sin? 422r)} 
tend to a limit asn >a? 


3. Denoting by S(z) the general rational function of n considered above, 
show that in all cases 


8 (+1) _ wy Sint(1/n)} _ 
lim S (mn) =, EG) 


69. Functions of » which increase steadily with n. A .— 
special but particularly important class of functions of n is formed | | 
by those whose variation as n tends to o is always in the same | | 
direction, that is to say those which always increase (or always 
decrease) as n increases. Since. —¢(n) always increases if ¢ (n) 
always decreases, it is not necessary to consider the two kinds of 
functions separately; for theorems proved for one kind can at 
once be extended to the other. 


DEFINITION. The function ¢ (n) will be said to increase steadily 
with nif db(n+1)2¢$(n) for all values of n. 
9—2 
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It is to be observed that we do not exclude the case in which 
 (n) has the same value for several values of n; all we exclude is 
possible decrease. Thus the function 


@ (n) =2n+ ( 1)%, 
whose values for n=0, 1, 2, 3, 4,... are 
(So) ee 


is said to increase steadily with n. Our definition would indeed 
include even functions which remain constant from some value of n 


% aX ‘onwards; thus @(n)=1 steadily increases according to our definition. 


However, as these functions are extremely special ones, and as 
there can be no doubt as to their behaviour as n tends to 0, this 
apparent incongruity in the definition is not a serious defect. 


There is one exceedingly important theorem concerning 
functions of this class, — 


THEOREM. If (n) steadily increases with n, then either 


(i) b(n) tends to a linut as n tends to o, or (il) d(n)~+0. 


That is to say, while there are in general jive alternatives as to. 
the behaviour of a function, there are_two only for this special 
kind of function. 


This theorem is a simple corollary of Dedekind’s Theorein 
(§ 17). We divide the real numbers & into two classes £ and R, 
putting £ in Z or R according as ¢(n) 2 & for some value of n 
(and so of course for all greater values), or (n)<& for all 
values of n. 


The class £ certainly exists; the class A may or may not. 
If it does not, then, given any number A, however large, ¢ (n) >A 
for all sufficiently large values of n, and so 


p(n) >+0. 

If on the other hand R exists, the classes Z and R form a 
section of the real numbers in the sense of §17. Let a be the 
number corresponding to the section, and let 6 be any positive 
number. Then ¢(n)<a+6 for all values of n, and so, since 6 is 
arbitrary, @(n) Sa. On the other hand ¢(n)>a-—6 for some 
value of n, and so for all sufficiently large values. Thus 


/ a-8<$(n)sa 


ee Wane ce ; i 


rt. 


W Cue 


f 
v 


¢ 
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for all sufficiently large values of n; 22. 


p(n) >a. 
It should be observed that in general ¢ (n)< a for all values of n; for if 
(2) is equal to @ for any value of 7 it must be equal to a@ for all greater 
values of x. Thus ¢(z) can never be equal to a except in the case in which 


the values of @ (x) are ultimately all the same. If this is so, a is the largest 


member of Z; otherwise Z has no largest member. 


Cor. 1. If (n) increases steadily with n, then it will tend to a 
limit or to + 0 according as it 1s or is not possible to find a number 
K such that $(n)< K for all values of mn. “Ae Wet a Jel, ( en 


We shall find this corollary exceedingly useful a On. uf, 


Cor. 2. If $(n) increases steadily with n, and d(n)< K fir 
all values of n, then $ (n) tends to a limit and this limit ts less than 
or equal to K. 


It should be noticed that the limit may be equal to K: if eg. 
 (n) =3 — (1/n), then every value of ¢ (nm) is less than 8, but the 
limit is equal to 3. 


Cor. 3. If $(n) increases steadily with n, and tends to a limit, 


then 
 (n) s lim $ (n) 
Jor all values of n. 
The reader should write out for himself the corresponding 
theorems and corollaries for the case in which ¢(n) decreases as n 
increases. 


70. The great importance of these theorems lies in the fact 
that they give ‘us (what we have so far been without) a means of 
deciding, in a great many cases, whether a given function of n 
does or does not tend to a limit as n>, without requiring us to 
be able to guess or otherwise infer beforehand what the limit as, If 
we know what the limit, if there is one, must be, we can use the 


test 
|d(n)-—l|<6 Cram,) : 
as for example in the case of ¢(n) =1/n, where it is obvious that 


the limit can only be zero. But suppose we have to determine 
whether 


d (n) = (1 a =) 


[ 


"s 
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tends to a limit. In this case it is not obvious what the limit, if 
there is one, will be: and it is evident that the test above, which 
involves J, cannot be used, at any rate directly, to decide whether 
l exists or not. 

Of course the test can sometimes be used indirectly, to prove by means of 
a reductio ad absurdum that 1 cannot exist. If eg. d(n)=(-1)*, it is clear 
that 2 would have to be equal to 1 and also equal to —1, which is obviously 
impossible. 

71. Alternative proof of Weierstrass’ s Theorem of § 19.‘ The results 
of § 69 enable us to give an alternative proof of the important theorem 
proved in § 19. as 

If we divide PQ into two equal parts, one at least of them must contain 
infinitely many points of S. We select the one which does, or, if both do, we 
select the left-hand half; and we denote the selected half by P,Q, (Fig. 28). 
If P,Q, is the left-hand half, P; is the same point as P. 


Fig. 28. 

Similarly, if we divide P,Q, into two halves, one at least of them must 
contain infinitely many points of S. We select the half P,@, which does so, 
or, if both do so, we select the left-hand half. Proceeding in this way we can 
define a sequence of intervals 


PQ, PA, P2Q2, P3Q3, ooey 


each of which is a half of its predecessor, and each of which contains infinitely 
many points of S. . 

The points P, P,, Po, ... progress steadily from left to right, and so P,, 
tends to a limiting position Z. Similarly Q, tends to a limiting position 7”. 
But 77” is plainly less than P, Qn, whatever the value of n; and P,Q, being 
equal to PQ/2", tends to zero, Hence 2” coincides with 7 and P, and Q, 
both tend to 7. 

Then 7 is a point of accumulation of S. For suppose une & is its 
coordinate, and consider any interval of the type (£-—6, +6). If 
is sufficiently large, P,Q, will le entirely inside this interval*. Hence 
(€-6, £46) contains infinitely many points of S. 


72. ‘The limit of a” as n tends to 0. Let us apply the 
results of § 69 to the particularly important case in which 
d (n) =a. If «=1 then $ (n) =1, lim ¢ (n) = 1, and if «=0 then 
(n)=0, lim }(2)=0, so that these special cases need not detain us. 


* This will certainly be the case as soon as PQ/2” <6. 
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First, suppose « positive. Then, since ¢(n+1) = ad (n),  (n) 
increases with n if x >1, decreases as n increases if 2 < 1. 

If x>1, then # must tend either to a limit (which must 
obviously be greater than 1) or to +0. Suppose it tends to a 
hmit 7, Then lim ¢(n+1)=lim ¢ (n)=1, by Exs. xxv. 7; but 

him ¢ (n+ 1) = lim «¢ (n) = lim ¢ (n) = al, 
and therefore / = al: and as x and /are both greater than 1, this 
is impossible. Hence 
yr —> +0 (@> 1). 

Example. The reader may give an alternative proof, showing by the 

binomial theorem that 2*>1+26 if 8 is positive and s=1+6, and so that 


a” me +0. 


On the other hand 2” is a decreasing function if # <1, and 
must therefore tend to a limit or to —«. Since 2” is positive 
the second alternative may be ignored. Thus lim #=J, say, and 
as above / = al, so that 2 must be zero. Hence 

lim a” =0 (0 <x< 1). 

Example. Prove as in the preceding example that (1/a)" tends to + if 
0<x#<1, and deduce that «” tends to 0. 

We have finally to consider the case in which # is negative. 
If —l1<a#<0 and «=—y, so that 0<y<1, then it follows from 
what precedes that lim y” = 0 and therefore lima*”=0. If#=—-1 
it is obvious that x” oscillates, taking the values —1, 1 alterna- 
tively. Finally if «<—1, and «=—y, so that y >1, then y” tends 
to +0, and therefore x” takes values, both positive and negative, 
numerically greater than any assigned number. Hence 2” oscillates 
infinitely. To sum up: 


h(n) = 2" > + 20 (G1), 
lim ¢(n)=1 G@ = 1), 
lim ¢ (n) =0 (-—l<2<1), 
d (n) oscillates finitely (f= 1), ; jaa 


- 9 () oscillates infinitely (a<—1). 
Examples XXVII*. 1. If ¢ (x) is positive and ¢ (n+1)>X¢ (n), where 
K>1, for all values of 2, then ¢ (n)>+ 0. 


* These examples are particularly important and several of them will be made | SC 
use of later in the text. They should therefore be studied very carefully. . 
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[For b(n) > Kb (n-1) >K7o (n—- 2)... >H™-1 (1), 
from which the conclusion follows at once, as A"->.] 


2. The same result is true if the conditions above stated are satisfied 
only when 2 2%. 


3. If d(n) is positive and d?(n+1)<Kd(n), where O< A<l, then 
lim ¢ (n)=0. This result also is true if the conditions are satisfied only when 
in 2. 

4, If |d(n+1)|<K|(n)| when n2m, and 0<A4<1, then lim ¢ (n)=0. 

5. If (x) is positive and lim {f (n+1)}/{o (2)}=l>]1, then g(r) >+ 0. 

[For we can determine mp so that {¢ (n+ 1)}/{p (2)}}>A>1 when n2n: we 
may, e.g., take A half-way between 1 and /. Now apply Ex. 1.] 

6. If lim {f (n+1)}/{¢ (n)}=1, where 7 is numerically less than unity, 
then lim@(x)=0. [This follows from Ex. 4 as Ex. 5 follows from Ex. 1.] 

7. Determine the behaviour, as n>2, of d(2)=n"x", where » is ae) 
positive integer. 

[If v=0 then ¢(n)=0 for all values of n, and (n)>0. In all other cases 

p(n+1) __ ee a 
any oo UPL. 
First suppose « positive. Then @(n)>+0 if v>1 (Ex. 5) and d(n)>0 if 
x<1 (Ex. 6). If w=1, then d(n)=n">+o. Next suppose x negative. 


gad Then | p(n) |=2"| |" feild to +0 if |w|21 and to 0 if |x|<1. Hence 


aN\¢ 


i 
Ww 


¢ (x) oscillates infinitely if e<—1 and ¢ (n)>0 if -l<7r<0.] 

8. Discuss n~"z" in the same way. [The results are the same, except 
that @(n)~0 when #=1 or —1.] 

9. Draw up a table to show how nka” behaves as noo, for all real 
values of x, and all positive and negative integral values of &. 

(The reader will observe that the value of & is immaterial except in the 


“special cases when v=1 or —1. Since lim {(n+1)/n}¥=1, whether & be 


positive or negative, the limit of the ratio $ (n+1)/¢ (nm) depends only on 
a, and the behaviour of ¢ (m) is in general dominated, by the factor 2. The 
factor n* only asserts itself when x is numerically equal to 1.] 


10. Prove that if xis positive then /cz>Llasn>o. (Suppose, eg.,2>1. 
Then w, /x, 8s, ... is a decreasing sequence, and /v>1 for all values of n. 
Thus 2/x-~l, where 721. But if 7>1 we can find values of 2, as large as 
we please, for which “/v>l or #>l"; and, since [*»-»>+0 as no, this 
is impossible. | 

Ll. nl. [For **V (n+l) <a/n if (n+1)"<n"*) or 1+(1/nj<n, 
which is certainly satisfied if 23 (see § 73 for a proof). Thus 4/n decreases 
as n increases from 3 onwards, and, as it is always greater than unity, it tends 
to a limit which is greater than or equal to unity. But if nl, where l>1, 
then n>J", which is certainly untrue for sufficiently large values of n, 
since 7"/n>-+o with n (Exs. 7, 8).] 


\ 
) 


a 
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12. %/(n!)-~+0. [However large A may be, n! >A" if x is large enough. 
For if u%,=A"/n! then %n41/Un=A/(n+1), whieh tends to zero as no, so 
that w, does the same (Ex. 6).] 

13. Show that if -l<2#<1 then 


_m™ (m—1)... en nm (*) es 
n! n 
tends to zero as no. 


[If m is a positive integer, wv, =0 form >m. Otherwise 


Uns) Stig A 
ney n+1 


unless 7=0.] 
73. The limit of (a + i A more difficult problem which 
can be solved by the help of § 69 arises when $(n) = {1 + 1/n}". 
It follows ~ the binomial theorem * that 


De n(n—1)1 n(n—1)...(n—n$1) 1 
(1+j)al+e., nt 1.2 mi L.2..n nf 


1 il il 1 yy) 
=14+1+75(1- et (22s 


Hy 1 2 n—-1l 
mr lage at “omen 


The (» + 1)th term in this expression, viz. 


mea 


is positive and an increasing function of n, and the number 


+t 


‘ 1\" . 
of terms also increases with n. Hence (a +2) increases with n, 


and so tends to a limit or to +o,asn>o. 


But 


1 1 r 1 
(1+ =) <l+l+75 ioeseoos °° Te San 
7. 1 
<ltltgteat. a= < < 3. 


n 
Thus (i +2) cannot tend to + 0, and so 
/ 1\" 
lim € + -) =, 
n> Cx n 
where e is a number such that 2<es 3. 


* The binomial theorem for a positive integral exponent, which is what is used 
here, is a theorem of elementary algebra. The other cases of the theorem belong 
to the theory of infinite series, and will be considered later. 
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74. Some algebraical lemmas. It will be convenient to prove at 


this stage a number of elementary inequalities which will be useful to us 
later on. 


(i) It is evident that if a>1 and r is a positive integer then 
ra" > a®—14a"-24...41. 
Multiplying both sides of this inequality by a—1, we obtain : 
Stn boi ra" (a—1)>a"-1; 


and paee (a” — 1) to each side, and dividing by r (r+1), we obtain 
mS 


atl-] ar-] 


rae Ge) wi. ee (1) 
Similarly we can prove that 
i ert 1 i pr 
a (ORB) ee cpaccgsccrssten (2). 


It follows that if 7 and s are positive integers, and r>s, then 


| 21" [Ser ee 
= a ; i < = 


Here 0<8<1<a. In particular, when s=1, we have 
a’—1>r(a—-1), 1-B’<r(1—8) ......... idascsouneme (4). 


(ii) The inequalities (3) and (4) have been proved on the supposition 
that r and s are positive integers. But it is easy to see that they hold under 
the more general hypothesis that 7 and s are any positive rational numbers. 
Let us consider, for example, the first of the inequalities (3). Let r=a/b, 
s=c/d, where a, 6, c, d are positive integers; so that ad>bc. If we put 
a=y"4, the inequality takes the form 


(y*4—1)/ad > (y°* —1)/be ; 
and this we have proved already. The same argument applies to the re- 
maining inequalities ; and it can evidently be proved in a similar manner that 
a=1<s(a—1), 1-BS8(L—B) F........ccecncesees (5), 


if s is a positive rational number less than 1. 


(iii) In what follows it is to be understood that all the letters denote 
positive numbers, that r and s are rational, and that a and r are greater 
than 1, B and s less than 1. Writing 1/8 for a, and 1/a for B, in (4), we 
obtain 


at —1<ra"-1(a—1), 1—BT>rBP~1(1-B) sseeeeeeeee. (6). 
Similarly, from (5), we deduce 
. a®—1>sat-!(a—1), 1—A%<s88-1(1—B) ......eeeseeoes (7). 


Combining (4) and (6), we see that 
ra? 1 (a—1)>a° ESP (a1)... aie eencmeee cee (8). 
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Writing w/y for a, we obtain 


- pagtal (v-y)>at—y>ry"—) (a@—-y) Rey sci veveteeeeee (9) 
if x>y>0. And the same argument, applied to (5) and (7), leads to 
CH FSP SERGE HF) ca sescccsrscececes (10). 


Examples XXVIII. 1. Verify (9) for r=2, 3, and (10) for s=4, }. 
2. Show that (9) and (10) are also true if y>a>0. 


3. Show that (9) also holds for r<0. [See Chrystal’s Algebra, vol. ii, 


4. If d(n)~J, where i>0, a8 > 0, then d@'¥—>/', & beams any rational 


number, «wh. stdeg WT WY (Cr) ma Me elas anh ul pel 
[We may suppose that £> 0, in virtue of Theorem III of § 66; and that 
$1<o< 2l, as is certainly the case from a certain value of n onwards. If 
k>1, 
kpk-) (p—1) > gt — UF SRE) ( — 1) 
or HO (9) >B- gt> kg 0-9), 


according as @>/ or @<l. It follows that the ratio of | p*—/*| and | é—J| 
lies between & ($2)'-1 and &(27)'-1._ The proof is similar when0<&<1. The 
result is still true when 7=0, if k>0.] 


5. Extend the results of Exs. xxvit. 7, 8, 9 to the case in which r or & 
are any rational numbers. 


75. The limit of 2 (s/x-1). If in the first inequality (3) of § 74 we 


put r=1/(n—1), s=1/n, we see that 


(2-1)? Na-1)>n (X/a—1) 
whena>1, Thus if ¢ (x)=n (</a—1) then ¢ (x) decreases steadily as » in- 
creases, Also @(z) is always positive, Hence ¢(z) tends to a limit J as 


n-~o , and 7/20. >, 4 ym 
Again if, in the first inequality (7) of § 74, we put s=1/n, we obtain 
n(sJa—1)>¥a (1-2) > 1--. 
Thus fz1- —(1/a)>0. Hence, if a>1, we have 
J@ 2ile=)) ashe), 
where f(a)>0. : 


Next suppose 8<1, and let B=1/a; then 2 (x/B—1)= —n (¢/a—-1)/%/a. Now 
n (Ya—1)->/f (a), and (Exs, xxvit. 10) 


Ja->1. 
Hence, if B=1/a<1, we have 


n (9/8 —1)->— f(a). 
Finally, if e=1, then n (%/a—1)=0 for all values of 7. 
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Thus we arrive at the result: the limit 
lim 7 (A/a — 1) 
defines a function of x for all positive values of x This function f (x) possesses 


the ae 
: | fU/e)=—-f (x), £0)=0, 

and 1s positive or negative according as x>1 or x<1. Later on we shall be 
_ able to identify this function with the Napiertan logarithm of x. 

Example, Prove that f(xy)=f(«)+f(y). [Use the equations 

Ff (ay) =lim n (ary -1)=lim fn (Ye) Jy +n (/y-)}] 

76. Infinite Series. Suppose that w(n) is any function of 
n defined for all values of n. If we add up the values of u (v) 
for y=1, 2,..., we obtain another function of n, viz. 


s(n) =u(1)+u(2)+...+u(n), 
aK defined for all values of n. It is generally most convenient 
to alter our notation slightly and write this equation in the form 
Sn = Uy + Ugat... Un; 


n 
or, more shortly, = 


If now we suppose that s, tends to a limit s when n tends 
to 0, we have 
lim > i = 6: 
Nn» wo v=) 
This equation is usually written in one of the forms 
Ewa, U+Ugtust... =S8, 
the dots denoting the indefinite continuance of the series of w’s. 
The meaning of the above equations, expressed roughly, is 
that by adding more and more of the w’s together we get nearer 
and nearer to the limit s. More precisely, if any small positive 
number 6 is chosen, we can choose 7, (6) so that the sum of the first 
n (5) terms, or any of greater number of terms, lies between s— 6 
and s+6; or in symbols 
s—6<3s,<8 au 6, 
ifn 2Zn,(8). In these circumstances we shall call the series 
Uy + Uet. 
a convergent infinite series, and we 5 shall call s the sum of the 
series, or the sum of all the terms of the series. 
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Thus to say that the series u,+u,+... converges and has the 
sum s, or converges to the sum s or simply converges to s, 1s merely 
another way of stating that the sum s, =m + U,+... + Un of the 
first n terms tends to the limit s as n > ©, and the consideration 
of such infinite series introduces no new ideas beyond those with 
which the early part of this chapter should already have made 
the reader familiar. In fact the sum s, is merely a function ¢ (7), 
such as we have been considering, expressed in a particular form. 
Any function ¢ (n) may be expressed in this form, by writing 


p(n)=$(1) + {$2)- SA) +... +{E()-$@—-I}; 
and it is sometimes convenient to say that ¢(n) converges (instead 
of ‘tends’) to the limit J, say, as n> oO. 

Ifs,—>+ 0 or S, ~— ©, we shall say that the series wu, + Us+... 
is divergent or diverges to +, or —, as the case may be. 
These phrases too may be applied to any function (mn): thus if 
b(n) ++ we may say that ¢(n) diverges to +o. If s, does 
not tend to a limit or to + © or to — 0, then it oscillates finitely or 
infinitely: in this case we say that the series u, + u.+... oscillates 
finitely or infinitely *. 

77. General theorems concerning infinite series. When 
we are dealing with infinite series we shall constantly have 
oceasion to use the following general theorems. 

(1) If u,+%,+... is convergent, and has the sum s, then 
a+%),+ +... is convergent and has the sum a+s. Similarly 
at+b+cet+...¢k+um4+%+... is convergent and has the sum 
atb+cet+...¢k+5. 

(2) If w+%.+... is convergent and has the sum s, then 
Unsi + Unset «+. 1s convergent and has the sum 

S — Uy — Ug — 00 — Um: 

(3) If any series considered in (1) or (2) diverges or oscillates, 
then so do the others. 

(4) If u+%+... is convergent and has the sum s, then 
ku, + ku,+ ... is convergent and has the sum ks. 


* The reader should be warned that the words ‘divergent’ and ‘ oscillatory’ ’ 
are used differently by different writers, The use of the words here agrees with 
that of Bromwich’s Infinite Series. In Hobson’s Theory of Functions of a Real 
Variable a series is said to oscillate only if it oscillates finitely, series which 
oscillate infinitely being classed as ‘divergent’. Many foreign writers use ‘divergent’ 
as meaning merely ‘ not convergent’. 
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(5) If the first series considered in (4) diverges or oscillates, 
then so does the second, unless k = 0. 


(6) Ifwm+u+... and v, ++... are both convergent, then 
the series *(u, +2) + (w+) +... is convergent and its sum is the 
sum of the first two series. 


All these theorems are almost obvious and may be proved at 
once from the definitions or by applying the results of §§ 63—66 to 
the sum 8, =u, + t%e+...+U,. Those which follow are of a some- 
what different character. 


(7) Ifu, ++... is convergent, then lim up = 0. 


For tm = Sy — Sy, and s, and g,-, have the same limit s. 
Hence lim u, =s—s =0. 

The reader may be tempted to think that the converse of the theorem is 
true and that if lim u,=0 then the series Sw, must be convergent. That this 
is not the case is easily seen from an example. Let the series be 

1+$+44+43+... 
so that v,=1/n. The sum of the first four terms is 
1+$+h4+3>14+34+7=14+3+44. 
The sum of the next four terms is 4+$+4+34>4=3; the sum of the next 
eight terms is greater than ,8,=4, and soon. The sum of the first 
4+4+8+16 +4... +2%= Qt 
terms is greater than 
2+5+d+3+...+4=}(n+3), 
and this increases beyond all limit with n: hence the series diverges to +o. 


(8) Lf m+uztust+... is convergent, then so ts any series 
formed by grouping the terms in brackets in any way to form new 
single terms, and the sums of the two series are the same. 

The reader will be able to supply the proof of this theorem. Here again 
the converse is not true. Thus 1—1+1—1+... oscillates, while 

(1215 1S ie © 
or 0+0+0+ ... converges to 0. 

(9) Lf every term uy is positive (or zero), then the series Su;, 
must either converge or diverge to +. If it converges, its sum 
must be positive (unless all the terms are zero, when of course its 
sum is zero). 


For s, is an increasing function of n, according to the definition 
of § 69, and we can apply the results of that section to sp. 
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(10) Jf every term uy, is positive (or zero), then the necessary , 
and sufficient condition that the series Xun Should be convergent as 
that it should be possible to find a number K such that the sum of | 
any number of terms is less than K; and, if K can be so found, then 
the sum of the series is not greater than K. 

This also follows at once from § 69. It is perhaps hardly 
necessary to point out that the theorem is not true if the condition 
that every u, is positive is not fulfilled. For example 


1—1+1-1+... 
obviously oscillates, s, being alternately equal to 1 and to 0. 
(11) Tf mt w+... U+U+... are two serres of positive (or | | f 
zero) terms, and the second serves 1s convergent, and if tn S Kp, | 
where K is a constant, for all values of n, then the first series is also | 
convergent, and its sum is less than or equal to that of the second. 


For if v, +2.+... =¢ then v, +% +... +, St for all values of 
1M, and SO + Uy +... +Un = At; which proves the theorem. 


— 
ar, 


Conversely, if Xu, ts divergent, and m2 Kun, then Lou, is 
divergent. 


78. The infinite geometrical series. We shall now con- 
sider the ‘ geometrical’ series, whose general term is u,=7"—. In 
this. case 

Sp=ltrterst.o.. tor 7a -—m™/1-?7), 
except in the special case in which r= 1, when 
S,=l+t1lt+...4+41=n. 
In the last case s, > +0. In the general case s, will tend toa 
limit if and only if 7” does so. Referring to the results of § 72 
we see that the serves l+r+7*+... v8 convergent and has the sum 
1/1 —r) of and only f-1l<r<l. 

Ifr2 1, then s,2n, and so s,->~+ 0; 1. ie series diverges to 
+o. If fe | then g-=1 or's,=0 ae as n is odd or 
even: 2.€. Sy oscillates finitely. If7<—1, then s, oscillates infinitely. 
Thus, to sum up, the serves l+r+r°+... diverges to+oaifrZ2l, 
converges to 1/(1—r) of —1<7r <1, oscillates finitely if r=-—1, 
and oscillates infinitely tf r< — 1. 7 


Examples XXIX. 1. Recurring decimals. The commonest example 
of an infinite geometric series is given by an ordinary recurring decimal. AD 
cae ed 


OH 9 5 te 4y a 7 A = nd U 
{> \o 194 {G66 ¥ a) '? om 
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Consider, for example, the decimal ‘21713 This stands, ween + the 
ordinary rules of arithmetic, for 


2 1 7 1 3 1 3 217 13 1 2687 
10 * 102 T 168 + 708 T 105 F i068 t ior T ~—i590 + 108 ie ~ 12375" 
| The reader should consider where and how any of the general theorems of 
§ 77 have been used j in this reduction. 


2. Show that in pte 5] 


Weer L\ z A AQ 666A A, +. An ~ A Ags. ng 
ww Aye) "Oo ona... 
meee eee 99...900...0 


. vas § \ Nv oe aay 
the denominator containing 2 9’s and m win - Gem vf Ts bP 16 Y 


1g" 


3. Show that a pure recurring decimal is iy a to a proiiee ie! 


fraction whose denominator does not contain 2 or 5 as a factor. - me 


4. A decimal with m non-recurring and 2 recurring decimal figures iS 
equal to a proper fraction whose denominator is divisible by 2 or 5" but by 
no higher power of either. 


5. The converses of Exs. 3,4 arealso true. Let r=p/g, and suppose first 
that g isprimeto 10. If we divide all powers of 10 by g we can obtain at most 
q different remainders. It is therefore possible to find two numbers 7, and 


mo, Where ”2>7,, such that 10” and 10” give the same remainder. Hence ~ 


10” — 10”*= 10 (10":~”2— ]) is divisible by g, and so 10"— 1, where n= Ny — Ne, 
is divisible by g. Hence 7 may be expressed in the form P/(10”—1), or in the 


form s- a= aie -(3 
on Oe (.¢ r 7 Prva t < P P » | 


' eer ose aX ss a eo 
Ut Ss . ta Ay “My an | Too t Jom tees a SQ ym %& 


ie. asa pure recurring feommal with x figures. If on the other hand g=275* Q, 
where @ is prime to 10, and m is the greater of a and f, then 10”s has ade- % 
nominator prime to 10, and is therefore expressible as the sum of an integer 
and a pure recurring decimal. But this is not true of 10"r, for any value of 
p less than mm; hence the decimal for 7 has exactly m non-recurring figures. 


a 


ar’ 


= 
! 


6. To the results of Exs, 2—5 we must add that of Ex. | 1 3. Finally, if id 


we observe that node P Z 

=o tigtigt: =1, 

we see that every terminating decimal can also be expressed as a mixed 
recurring decimal whose recurring part is composed entirely of 9’s. For 
example, °217=°2169. Thus every proper fraction can be expressed as a 
recurring decimal, and conversely. 


7. Decimals in general. The expression of irrational numbers as 
non-recurring decimals. Any decimal, whether recurring or not, corresponds 
to a definite number between 0 and 1. For the decimal ‘ad ,a3a4... stands 


for the series 
ay 


ae a3 
10* 1027 Jost 
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Since all the digits a, are positive, the sum s, of the first x terms of this 
series increases with 2, and it is certainly not greater than ‘9 or 1. Hence 
s, tends to a limit between 0 and 1. 


Moreover no two decimals can correspond to the same number (except in 
the special case noticed in Ex. 6). For suppose that -a,a2a3..., "b, 6,63... are 
two decimals which agree as far as the figures a,_,, 0.1, while a,> Uy: 
Then a,20,+1> 6, * bp 410-49... (unless 6,41, 0-42, ... are all 9’s), and so 


"A Ae woe Ap Op 1 eee > "bb, eae OOn44 Geen 


It follows that the expression of a rational fraction as a recurring decimal 
(Exs. 2—6) is unique. It also follows that every decimal which does not 
recur represents some ¢rational number between 0 and 1. Conversely, any 
such number can be expressed as such a decimal. For it must lie in one of 
the intervals 


0, 1/10; 1/10, 2/10; ...; 9/10, 1. 


If it lies between 7/10 and (7+1)/10, then the first figure is 7. By subdividing 
this interval into 10 parts we can determine the second figure; and so on. 
But (Exs. 3, 4) the decimal cannot recur. Thus, for example, the decimal 
1:414,.., obtained by the ordinary process for the extraction of /2, cannot 
recur. 


8. The decimals ‘1010010001000010... and "2020020002000020..., in 
which the number of zeros between two 1’s or 2’s increases by one at each 
stage, represent irrational numbers. 


9. The decimal -11101010001010..., in which the nth figure is 1 if 2 is 
prime, and zero, otherwise, represents an irrational number. [Since the 
number of primes is infinite the decimal does not terminate. Nor can it 
recur: for if it did we could determine m and p so that Mm, M+p, m+2Qp, 
m+ 3p, ... are all prime numbers ; and this is absurd, since the series includes 
m-+ mp. ]* . 


Examples XXX. 1. Theseries7™+ +14... is convergent if —-l<7<1, 
and its sum is 1/(l—7)-—l-r—-.,, —9m-1 (§ 77, (2)). 


2. The series o™+4+7™+14 .., is convergent if -lorc 1, and its sum is 
r/(1—r) (§ 77, (4)). Verify that the results of Exs. 1 and 2 are in agreement. 


3. Prove that: the series 1+27+272+4 ... ig convergent, and that its sum 
is (1+r)/(1-7), (a) by writing it in the form -1+42(1 +r+r2+ ...), (8) by 
writing it in the form 14+2(r+7°+...), (y) by adding the two series 
1+r+7°+..., 7+7%+.... In each case mention which of the theorems of 
§ 77 are used in your proof. 


* All the results of Exs. xxrx may be extended, with suitable modifications, to 


decimals in any scale of notation. Fora fuller discussion see Bromwich, Infinite 


Series, Appendix I. 
H. 10 


cumemerenentes 


ft / 
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4. Prove that the ‘arithmetic’ series 
a+ (a+b) +(a+2b) +... 


is always divergent, unless both a and 0 are zero. Show that, if 6 is not 
zero, the series diverges to +0 or to —o according to the sign of b, while if 
b=0 it diverges to +o or —o according to the sign of a. 


5. What is the sum of the series 
(L-r)+ (7-77) + (027-79) +... 


when the series is convergent? [The series converges only if -l<rsl. Its 
sum is 1, except when 7=1, when its sum is 0.] 


6. Sum the series 7?+ {The series is always con- 


92 2 
Tort (1+7?)? cane 
vergent. Its sum is 1+7?, except when 7=0, when its sum is 0.] 
7. If weassume that 1+7+7?+... is convergent then we can prove that its 
sum is 1/(l—r) by means of § 77, (1) and (4). For if 1+r+7?+...=s8 then 
s=l+r(1+2?+...)=1+7s, 


8. Sum the series r+ —— +... 


be 

Me “ig 7 Tee 

when it is convergent. [The series is convergent if -l1<1/(1+r)<], de. if 

r<—2orifr>0,and its sum is 1+7. It is also convergent when 7=0, when 
its sum is 0.] 

9. Answer the same question for the series 

2 Sa ati 

l+r (1+ry? 7°"? 


r 7 \2 r y \2 
1-po+(h)- end, a 


10. Consider the corivergence of the serics 
(l+r)+(P+73)+..., (ertr4) +(e +9415) +..., 
1 —Qr+r24-73— 244754 0.., (L-—2r+77) + (73 — 274+75)+..., 
and find their sums when they are convergent. 


ll. If OSan1 then the series a+ayr+ae7?+... is convergent for 
O<r<l, and its sum is not greater than 1/(1—7). 


12. If in addition the series ag +a,;+@2+... is convergent, then the series 
Agtar+agr?+... is convergent for O<7S1, and its sum is not greater than 
the lesser of ap +a,;+a +... and 1/(1—7). 

1 | 


13. The series ee i+TD3 5 +y973te 


is convergent. [For 1/(1.2...2)31/2"-1.] 
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14. The series 


1 1 1 
ie" io.at om a¢ 


1+ 


are convergent. 


15. The general harmonic series 
1 1 1 
at a+b tata t 
where a and 6 are positive, diverges to +o. 
[For u,=1/(a+nb)>1/{n (a+b)}. Now compare with 1414+4+....] 


16. Show that the series 
(Up — Uy) + (uy — ee) + (tg — U3) + 
is convergent if and only if , tends to a limit as na. 


17, If w+u+ugt... is divergent then so is any series formed by 
grouping the terms in brackets in any way to form new single terms. 


18. Any series, formed by taking a selection of the terms of a convergent 
series of positive terms, is itself convergent. 


79. The representation of functions of a continuous 
real variable by means of limits. In the preceding sections 
we have frequently been concerned with limits such as 


lim dn (2), 
Y (ioe oa? 9) 
and series such as 


U; (@) + uz (a) +... san (&) + Us (@) +... + Un (a)}, 


in which the function of n whose limit we are seeking involves, 
besides n, another variable x. In such cases the limit is of course 
a function of z Thus in § 75 we encountered the function 


JS (#2) = lim n (Wa — 1): 


and the sum of the geometrical series 1 + #+a2°+... is a function 
of x, viz. the function which is equal to 1/(1 —) if —-1<a<1 and 
is undefined for all other values of a. 


Many of the apparently ‘arbitrary’ or ‘unnatural’ functions 
considered in Ch. II are capable of a simple representation of this 
kind, as will appear from the following examples. 

10—2 
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Examples XXXI. 1. ¢,(v)=«. Here » does not appear at all in the 
expression of ¢, (x), and ¢ (x)=lim ¢, (7)=~ for all values of x. 


2. hy(x)=x/n. Here ¢ (x)=lim ¢y (x) =0 for all values of «. 
3. ga(x)=nw. If c>0, ba(x)>—+0 ; if 7<0, Ga(%)>—o : only when 


v=0 has da (x) a limit (viz. 0) as n>o. Thus ¢(x)=0 when #=0 and is 
not defined for any other value of «. 
4, dpa (x)=1]na, nx/(nz +1). 
— 5, Oo, (=a Here dp (Z)=0} (-l<z <1) ; p (7)=1, (v=1); and d (x) 
is not defined for any other value of 2. 


6. da(#)=a"(1—«). Here d(x) differs from the ¢ (x) of Ex. 5 in that 
it has the value 0 when v=1. 


7. na (x)=2"/n. Here ¢ (x) differs from the ¢ (x) of Ex. 6 in that it has 
the value 0 when «=—1 as well as when #=1. 


8. hn (e)=2r{(a™+1). [6 (w)=0,(—1<#<1); 6()=4, (w@=1); 6(@)=1, 
(e<—1 or x>1); and ¢$(#) is not defined when x= —1.] 


9. dn (w)=ar/(a™—1), Ufe™+1), If(e™—-1), Ifla*+a-™), If(e*—x-"). 


10. dy, (v)=(a@"—-1)/(a" +1), (na™—1)/(na™ +1), (a —2)/(a"+n). [In the 
first case ¢ (v)=1 when |«|>1, ¢ («)=—-1 when |z| <1, $(x)=0 when x=1 
and (xz) is not defined when e=—1. The second and third functions differ 
from the first in that they are defined both when «=1 and when z= —1: the 
second has the value 1 and the third the value -1 for both these values of z.] 


11. Construct an example in which @(#)=1, (|z#|>1); $(@)=-1, 
(|a|<1); and $(v)=0, («=1 and z= —1). 

12, hy (x)= a (e™—1)/(a+1)}%, niar+tare+n). 

13. pn (v7) = {a" f (a) +9 (+1). [Here $ @)=f (2), (| #]> 1); 


b(“)=9 (x), (|e |<1)3 6 @=3{F@)+9@)}, @=1); and ¢$ (*) is undefined 
when v= -—1.] 


7 TA. a(n) =(2/m) are tan (mej. [P(e)=1, (©>0} G(0)=0, (@=0); 
‘| @(x)=-1, (#<0). This function is important in the Theory of Numbers, 
/{ and is usually denoted by sgn x.] . 


15. o,(£)=sinner. [¢(%)=0 when v is an integer; and d(x) is 
otherwise undefined (Ex. xxiv. 7).] 


16. If $,(v)=sin(2!er) then ¢(«)=0 for all rational values of x (Ex. 
xxiv. 14), [The consideration of irrational values presents greater difficulties. | 


17. dy(x)=(cos?ar)™ [p(v)=0 except when w is integral, when 
 (w)=1.] 
18, If 21752 then the number of days in the year WV a.p. is 
lim {365 + (cos? Vz )* — (cos? 749 Vr)" + (cos? gpg Vr)"}. 
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80. The bounds of a bounded aggregate. Let S be any system or 
aggregate of real numbers s. If there is a number A such that ss for 
every s of S, we say that Sis bounded above. If there is a number & such that 
s Zk for every s, we say that S is bounded below. If Sis both bounded above 
and bounded below, we say simply that Sis boutded. ies 


Suppose first that S is bounded above (but not notenseeaatlily below). There 
will be an infinity of numbers which possess the property possessed by X ; 
any number greater than A, for example, possesses it. We shall prove that 
among these numbers there 1s a least*, which we shall call 4. This number Jf = 
is not exceeded by any member of S, but every number less than J/ is exceeded 
by at least one member of S. 


We divide the real numbers € into two classes Z and £, putting & into Z or 
Raccording as it is or is not exceeded by members of S. Then every € belongs 
to one and one only of the classes Z and A. Each class exists; for any 
number less than any member of S belongs to Z, while A belongs to R. 
Finally, any member of Z is less than some member of S, and therefore less 
than any member of 7. Thus the three conditions of Dedekind’s Theorem 
(§ 17) are satisfied, and there is a number Jf dividing the classes. 


The number J is the number whose existence we had to prove. In the 
first place, Jf cannot be exceeded by any member of S. For if there were such 
a member s of S, we could write s= Jf+n, where n is positive. The number 
M-+4n would then belong to Z, because it is less than s, and to &, because it is 
greater than 1; and this is impossible. On the other hand, any number less 
than J belongs to Z, and is therefore exceeded by at least one member of S. 
Thus J/ has all the properties required. 


This number Jf we call the upper bound of S, and we may enunciate the ; | 
following theorem. <Any aggregate S which is bounded above has an upper 
bound M. No member of S exceeds M; but any number less than M is exceeded | 
by at least one member of S. 


~ 
” 
ps, 


In exactly the same way we can prove the corresponding theorem for an 
aggregate bounded below (but not necessarily above). Any aggregate S which 
ts bounded below has a lower bound m. No member of S is less than m; but 
there is at least one member of S which is less than any number greater than m. 


It will be observed that, when Sis bounded above, A/s X, and when S is 
bounded below, m2’. When Sis bounded, /‘sms U8 K. 


81, The bounds of a hounded function. Suppose that ¢ (7) is a func- 
tion of the positive integral variable x. The aggregate of all the values ¢ (n) 
defines a set S, to which we may apply all the arguments of § 80. If S is 
bounded above, or bounded below, or bounded, we say that ¢(m) is bounded 


* An infinite aggregate of numbers does not necessarily possess a least member. 
The set consisting of the numbers 


for example, has no léast member. 


150 LIMITS OF FUNCTIONS OF A [iv 


above, or bounded below, or bounded. If $(n) is bounded above, that is to 
say if there is a number X such that ¢(n) SK for all values of n, then there 
is a number J/ such that 


(i) @(n) SM for all values of n ; 


(ii) of 8 7s any positive number then  (n) > M-8 fi ne value of n. 
This number J/ we call the upper bound of ¢(n). Similarly, if G(m) is 
bounded below, that is to say if there is a number & such that ¢ (n) 2 & for all 
values of n, then there is a number m such that 

(i) @(m) Zm for all values of n ; 

fil) of 8 1s any positive number then d (n)<m-+6 for at least one value of n. 
This number m we call the lower bound of ¢ (z). 

If & exists, MS XK; if & exists, m2k; and if both & and KX exist then 

ksmsMsk. 


82. The limits of indetermination of a bounded function. Suppose 
that @(z) is a bounded function, and M and m its upper and lower bounds. 
__ Let us take any real number &, and consider now the relations of inequality 

' which may hold between é and the values assumed by ¢ (z) for lar urge Vi values 
of x. There are three mutually exclusive possibilities: 


(1) €2¢ (x) for all sufficiently large values of 2; 

(2) £<¢(n) for all sufficiently large values of n; 

(3) €<@(mn) for an infinity of values of 2, and also >q(n) for an 
infinity of values of x. 


In case (1) we shall say that € is a superior number, in case (2) that it is 
an inferior number, and in case (3) that it is an intermediate number. It is 
plain that no superior number can be a than m, and no inferior number 
greater than J. 

Let us consider the aggregate of ‘a superior numbers. It is bounded 
below, since none of its members are less than m, and has therefore a lower 
bound, which we shall denote by A. Similarly the aggregate of inferior 
numbers has an upper bound, which we denote by AX.“ 

We call A and A respectively the upper and lower limits of indetermination 
of b(n) as n tends to infinity ; and write 

A=lim p(n), A=lim @ (2). 
These numbers have the following properties : ; 

(1) MEXSASM; 

(2) Aand Xare the upper and lower bounds of the wisi of intermediate 
numbers, if any such exist ; 

(3) if 8 is any positive numbey, then ¢ (2) < A-+8 for all sufficiently large 

values of n, and $¢(”) > A—6 for an infinity of values of n ; 

(4) similarly @(m)>A-—6 for all sufficiently large values of », and 
g@ (nv) <A+6 for an infinity of values of 7; 
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(5) the necessary and sufficient condition that @ (z) should tend to a limit 
is that A=A, and in this case the limit is 7, the common value of \ and A. 


Of these properties, (1) is an immediate consequence of the definitions ; 
and we can prove (2) as follows. If A=A=/, there can be at most one inter- 
mediate number, viz. 7, and there is nothing to prove. Suppose then that 
A>v. Any intermediate number £ is less than any superior and greater than 
any inferior number, so that A\S&SA. But if A<E<A then & must be 
intermediate, since it is plainly neither superior nor inferior. Hence there are 
intermediate numbers as near as we please to either A or A. 


To prove (3) we observe that A+64 is superior and A—6 intermediate or 
inferior, The result is then an immediate consequence of the definitions ; and 
the proof of (4) is substantially the same. 

Finally (5) may be proved as follows. If A=A=/, then 

1-3<(n)<148_ 
for every positive value of 5 and all sufficiently large values of n, so that 
(n)-~>l. Conversely, if ¢(n)->J, then the inequalities above written hold 
for all stifficiently large values of x. Hence /—6 is inferior and 7+6 superior, 


so that 
AZl-6, AS/+6, 


and therefore A~A $286. As A—A ZO, this can only be true if A=A. 


Examples XXXII. 1. Neither A nor d is affected by any alteration in 
any finite number of values of ¢ (7). 


If @ (n)=a for all values of n, then m=A=A=M=a. 
If d (n)=1/n, then m=A=A=0 and M=1. 
If @(n)=(—1)", then m=A= —1 and A= M=1. 
If @ (n)=(-1)*/n, then m= —1, A=A=0, M=}. 
If p(n) =(—1)"{1+(1/n)}, then m= —2, A= —1, A=1, M=3. 
7. Let @(n)=sin nO, where 6> 0. Iféisanintegerthenm=A=A=M=0. 
If 6 is rational but not integral a variety of cases arise. Suppose, e.g., that 


6=p/q, p and q being positive, odd, and prime to one another, and ¢>1. 
Then @(z) assumes the cyclical sequence of values 


sin(pr/g), sin (2p7/q), «+... » sin{(2q-1) px/g}, sin (2qpm/q), «..... 


It is easily verified that the numerically greatest and least values of ¢ (7) are 
cos (/2q) and —cos (m/2q), so that 


m=A= —cos(7/2q), A=M=cos (7/29). 


- =  & ey 


The reader may discuss similarly the cases which arise when p and q¢ are 
not both odd. | 
The ease in which 6 is irrational is more difficult : it may be shown that 
in this case m=A=—1 and A=M=1. It may also be shown that the values 
of p(n) are scattered all over the interval (—1, 1) in such a way that, if € is 


152 LIMITS OF FUNCTIONS OF A [Iv 


any number of the interval, then there is a sequence 7, 7a, ...... such that 
dh (ny) > & as kao .* 


The results are very similar when ¢ (x) is the fractional part of 26. 


83, The general principle of convergence for a bounded function. 
The results of the preceding sections enable us to formulate a very important 
necessary and sufficient condition that a bounded function ¢ (n) should tend 
to a limit, a condition us usually referred to as the general principle of convergence 
to a limit. 


THEOREM 1. The necessary and sufficient condition that a bounded function 
d (n) should tend to a limit is that, when any positive number 8 is given, it should 
be possible to find a number ng (8) such that 


1b (ma) - P(r) <8 


for all values of m and Ng such that Ng > ny ZN (6). 


In the first place, the condition is necessary. For if @(n)-d then we 


can find 7) so that 
[—-t8<g(n) <1+48 


Vie) ih Oiaacsceecaciteseac cone ae (1) 


when 2 2 7, and so 


when 7, 2 7 and 22 ZN 

In the second place, the condition is sufficient. In order to prove this we 
have only to show that itinvolvesA=A. Butif A<A then there are, however 
small 8 may be, infinitely many values of n such that ¢(m)<A+6 and 
infinitely many such that ¢(n)>A-—6; and therefore we can find values of 
nm, and mg, each greater than any assigned number 2, and such that 


dh (22) — h (m) > A-A — 26, 
which is greater than $(A—A) if 6 is small enough. This plainly contradicts 
the inequality (1). Hence A=A, and so ¢ (n) tends to a limit. 


84. Unbounded functions. So far we have restricted ourselves to 
bounded functions; but the ‘general principle of convergence’ is the same 
for unbounded as for bounded functions, and the words ‘ a bounded function’ 
may be omitted from the enunciation of Theorem 1. é 

In the first place, if ¢ (m) tends to a limit 7 then it is certainly bounded ; for 
all but a finite number of its values are less than 7+6 and greater than /—6. 


In the second place, if the condition of Theorem 1 is satisfied, we have 
|  (n2)—G (m) | <8 
whenever 7; 27% and ng2%). Let us choose some particular value n, greater 
than m. Then 
dh (124) 8 <h (Mg) << H (m1) +8 
when ny2m%. Hence ¢(n) is bounded; and so the second part of the proof of 
the last section applies also. 


* A number of simple proofs of this result are given by Hardy and Littlewood, 
‘Some Problems of Diophantine Approximation”, Acta Mathematica, vol. xxxvii. 
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The theoretical importance of the ‘general principle of convergence’ can - 
hardly be overestimated. Like the theorems of § 69, it gives us a means of 
deciding whether a function ¢@(z) tends toa limit or not, without requiring 
us to be able to tell beforehand what the limit, if it exists, must be; and 
it has not the limitations inevitable in an of such a special character 
as those of § 69. But in elementary work it is generally possible to dispense 
with it, and to obtain all we want from these special theorems. And it will \ 
be found that, in spite of the importance of the principle, practically no 
applications are made of it in the chapters which follow.* We will only 
remark that, if we suppose that 


P (2) = 8, =U +g +... + Uns 


we obtain at once a necessary and sufficient condition for the convergence of 
an infinite series, viz : 


THEOREM 2. The necessary and sufficient condition for the convergence 
of the series wm+Ugt... is that, given any positive number 6, it should be 
possible to find np so that 


| Un, tlt Un 42F +. FUn, le ry 


for all values of n, and ng such that ng>n, ZN 


85. Limits of complex functions and series of complex 
terms. In this chapter we have, up to the present, concerned 
ourselves only with real functions of » and series all of whose 
terms are real. There is however no difficulty in extending our 
ideas and definitions to the case in which the functions or the 
terms of the series are complex. 


Suppose that ¢(n) is complex and equal to 
= p(n) + ta (n), 
where p(n), o(n) are real functions of n. Then if p(n) and a(n) 


converge respectively to limits r and s asn—>o, we shall say that 
(n) converges to the limit l= r+ 1s, and write 


lim ¢ (n) =l. 
Similarly, when uw, is complex and equal to v, +71w,, we shall say 


that the series . 
Uy + Ue + Us +... 


1s convergent and has the sum l=r +18, of the series 
UUs +o... WrtWet Wet... 


are convergent and have the sums r, s respectively. 


* A few proofs given in Ch, VIII can be simplified by the use of the principle. 


— 
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To say that u,+ u.+u;+... is convergent and has the sum 
Lis of course the same as to say that the sum 


Sp = Uy + Uy + oe + Un = (1 + Ug + oe EU) HO (Wy We + 0. Wy) 


converges to the limit J as n-» 00. 


In the case of real functions and series we also gave definitions 
of divergence and oscillation, finite or infinite. But in the case 
of complex functions and series, where we have to consider the 
behaviour both of p (n) and of o (n), there are so many possibilities 
that this is hardly worth while. When it is necessary to make 
further distinctions of this kind, we shall make them by stating 
the way in which the real or imaginary parts behave when taken 


| separately. 


86. The reader will find no difficulty in proving such 
theorems as the following, which are obvious extensions of 
theorems already proved for real functions and series. 


(1) If lim¢(n)=/ then limg (n+ p)=1 for any fixed value 
of p. 


(2) If u+u,+... is convergent and has the sum J, then 
a+b+c+...+¢k+m+u+... is convergent and has the sum 
OQ+tb+c+...+kh4+1, and uyii+ Upiet... is convergent and has 
the sum 1 — uw, — %,—... — Uy. 

(3) Ifhm ¢(n)=/ and lim y(n) =m, then 

lim { (n) + (n)} =l +m. 

(4) Iflim $(n) =1, then lim k¢ (n) = kl. 

(5) Iflim @(n) =1 and lim p(n) =m, then limd(n)W(n)=lm. 

(6) Ifw+%wm+... converges to the sum J, and 7,+%,4+... to 
the sum m, then (uw, + v,) + (u.+ v2) +... converges to the sum /+mm. 


(7) Ifm+u.+... converges to the sum / then ki, + ku, +... 
converges to the sum kl, 


(8) Ifu+wm+u,+... is convergent then lim u, = 0. 


(9) If wm+u+u;+... is convergent, then so is any series 
formed by grouping the terms in brackets, and the sums of the two 
series are the same. 
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® 


As an example, let us prove theorem (5). Let 


b(n)=p(n)+to(n), (n)=p'(n)+to'(n), l=r+is, mar'+is 


Then p(n)>7, o(n)->s, p'(n)>71’, o'(n)s'. 
But (2) y (n)=pp'— oa! +7 (po'+p’a), 
and pp’ - ao’ 17 — 3s’, po +p'o->7rs' +7's ; 
so that dh (2) fp (n)->77" — 88’ +2 (78' +78), 
ae. dh (2) W (2) > (7 +28) (7 +28") =m. 


The following theorems are of a somewhat different character. 


(10) Jn order that d(n)=p(n)+ io (n) should converge to 
zero as Nn» 0, it is necessary and sufficient that 


| (n) |= J [fp (n)}? + to ()}7] 
should converge to zero. 
If p(n) and o(n) both converge to zero then it is plain that ./(p?+07) 


does so. The converse follows from the fact that the numerical value of p or 
a cannot be greater than /(p?+ 0°). 


(11) More generally, in order that @(n) should converge to a 
limit l, it 1s necessary and sufficient that 


|p (nm) — 0 
should converge to zero. 
For ¢ (n) — 1 converges to zero, and we can apply (10). 


(12) Theorems 1 and 2 of §§ 8383—84 are still true when 
h(n) and uy, are complex. 


We have to show that the necessary and sufficient condition that (7) 
should tend to @ is that 


GG) G71) | <0 ca .ssceverceresegnaneeraanss: (1) 

when 72 > 7 27. 

If d (n)>2 then p (n)->7r and o (z)-~s, and so we can find numbers 7) and 
ny’ depending on 6 and such that 

|p (m2) -—p (m)|<$8, | o (M2) - 0 (7%) |< $8, 
the first inequality holding when 72> 27, and the second when ng > ZN". 
Hence 
| @ (742) — $ (721) | S| p (M2) — p (41) | + | & (m2) - o (7%) |< 8 
when 72> 2%, Where my is the greater of m' and 7’. Thus the condition 
(1) is necessary. To prove that it is sufficient we have only to observe that 
| p (m2) — p (4) | S| (m2) -—F (m) |< 8 

when n2>7,2%. Thus p(n) tends to a limit 7, and in the same way it may 
be shown that o (z) tends to a limit s. 
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87. The limit of 2” as n+, z being any complex 
number. Let us consider the important case in which $(n) = 2". 
This problem has already been discussed for real values of z in 


§ 72. 
If 2”->1 then 2"*1 >], by (1) of § 86. But, by (4) of § 86, 
gut) = 22% —» zl, 


and therefore 1 =zl, which is only possible if (a) 1 =0 or (b) z=1. 
If z=1 then imz*=1. Apart from this special case the limit, 
if it exists, can only be zero. 


Now if z2=r (cos @ +7 sin 8), where * is positive, then 
2" = 7" (cos nO +781n 6), 


so that |z"|=7% Thus |z”| tends to zero if and only if r<1; 
and it follows from (10) of § 86 that 


lim 2” =0 


if and only if r<1. In no other case does 2” converge to a limit, 
except when z= 1 and 2? 1. 


88. The geometric series 1+2z+2°+... when z is 
complex. Since . 


Spelt+ze¢2+...¢ 2 7=(1-2*)/(1-2), 


unless z= 1, when the value of s, is 7, it follows that the series 
l+z+2°+... ts convergent if and only ifr=|z|<1. And tts 
sum when convergent 1s 1/(1 —2z). 


Thus if z=7(cos 6 +7sin 0)=r Cis 9, and r < 1, we have 
l+zt2+...=1/(1—7Cis 6), 
or 1+4+rCis6+2°* Cis 204+...=1/(1 —7r Cis 8) 
= (1 —?rcos 8+ ir sin 6)/(1 — 27 cos 8 + 7°). 
Separating the real and imaginary parts, we obtain 
1+rcos @+ 7? cos 20+ ...=(1 —rcos #)/(1 — 2r cos 6 + 7°), 
rsin@ +2? sin 26 +...=7sin 6/(1 — 2r cos 6 +77), 


provided r<1. If we change @ into 6+7, we see that these 
results hold also for negative values of 7 numerically less than 1. 
Thus they hold when -1<r<l, 
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Examples XXXIII. 1. Prove directly that $(n)=r"cosn@ converges 
to 0 when r<1 and to 1 when r=1 and @ isa multiple of 27. Prove further 
that if r=1l and @ is not a multiple of 2m, then (mn) oscillates finitely; if 
r>land 6 isa multiple of 27, then ¢ (n)>+0; and if r>1 and @ is nota 
multiple of 27, then ¢ (n) oscillates infinitely. 


9. Establish a similar series of results for $ (z) =?" sin 26. 
3. Prove that gmp gmt... =2"/(L—2z), 
M4 gemtlsgantr24 | =2m(1+z2)/(1—2), 
if and only if|jz|<1. Which of the theorems of § 86 do you use? 
4, Prove that if -l<r<1 then 
(1427 cos 6+27? cos 26+... =(1—7?)/(1 — 27 cos 6 +77). 


vo 
4 
Ls 


| e R : Lae z \2 
A ‘5. The series l+i43 +(q%) eee 
converges to the sum i/(Q- =) if |2/(l+z)|<1. Show that this 


condition is equivalent to the condition that z has a real part greater than —4. 
1A a { 


MISCELLAN EOUS EXAMPLES ON CHAPTER IV. 
1. The function ¢(n) takes the values 1, 0, 0, 0, 1, 0, 0, 0, 1, ... when 


n=0,1,2,.... Express @(n) in terms of 2 by a formula which does not 


involve trigonometrical functions. [ (n)=3{1+(-1)"+"+(- t)"}.] 
yy 2 If @(n) steadily increases, and (x) steadily decreases, as n tends to 
w, and if y(x)>¢(z) for all values of n, then both (n) and ¥(n) tend to 
limits, and limd(n)Slimy(z). [This is an intermediate corollary from 
§ 69.] 

3. Prove that, if 


sma(142), ¥o=(-2)", 


then $(n+1) >¢ (n) and y(n+1)<y(n). [The first result has already been 
proved in § 73.] 


4, Prove also that w(x) > (n) for all values of n: and deduce (by means 
of the preceding examples) that both $(m) and (7) tend to limits as 2 
tends to 0.* 


5. The arithmetic mean of the products of all distinct pairs of positive 
integers whose sum is 2 is denoted by S,. Show that lim (S,,/7”) =1/6. 
(Math. Trip. 1903.) 


* A proof that lim {y (n)-¢(n)}=0, and that therefore each function tends to 
the limit ¢, will be found in Chrystal’s Algebra, vol. ii, p. 78. We shall however 
prove this in Ch. IX by a different method. ' 


4 
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6. Prove that if #,=}${w+(A/x)}, x2=}{x,+(A/2,)}, and so on, w and 
A being positive, then lim z,=,/A. 


Sn—-JA_ (x-JA\™ 
[Prove first that SOND (5) a 


7. If (nm) is a positive integer for all values of n, and tends to o with n, 


then 2” tends to 0 if O<a<1 and to +0 if e>1. Discuss the behaviour 


of gh as n-> oo, for other values of «. 


8.* Ifa, increases or decreases steadily as » increases, then the same is 
true of (a; +dg+...+Cn)/2. 


9. If %.41=/(4+-2,), and & and x, are positive, then the sequence 2, x», 
%3, ... 18 au increasing or decreasing sequence according as 2 is less than or 
greater than a, the positive root of the equation z7=7+/; and in either case 
Ly >a as no, 


10. If tn, NACL +%,), and & and 4 are positive, then the sequences 
By Cokes cas and, Hq, U4, gy... aYe ONe an increasing and the other a decreasing 
sequence, and each sequence tends to the limit a, the positive root of the 
equation 2?4+7=hk, 


11. The function f(x) is increasing and continuous (see Ch. V) for all 
values of x, and a sequence 2, %2, 73, ... is defined by the equation 
XLn+1=f (%m). Discuss on general graphical grounds the question as to 
whether x, tends to a root of the equation «= f(#). Consider in particular 
the case in which this equation has only one root, distinguishing the cases in 
which the curve y=/ (x) crosses the line y=wx from above to below and from 
below to above. 


12. Ifsx,, x, are positive and 7, ,1=4 (4, +2%,-}), then the sequences 2, x3, 
U5, ++. ANA Lg, 24, Lg, ... are one a decreasing and the other an increasing 
_sequence, and they have the common limit 4 (xv, + 2a). 


13. Draw a graph of the function y defined by the equation 


. £8 sin drae+x? 
y= lim ——,*=+———— 
n> Yogi ek 


~ ef (Math. Drip. 1901.) 


° — li —_———_—____. 
14. The function y ee l+nsin? re 


is equal to 0 except when is an integer, and then equal to 1. The function 


ores v(x) + n(x) sin? rx 
Y n->w 1+ sin? rx 


is equal to d(x) unless x is an integer, and then equal to ¥ (2). 
15. Show that the graph of the function 


agp (u)-+a-Myp(2) 
4 dior wae 


* Exs, 8—12 are taken from Bromwich’s Infinite Series. 
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is composed of parts of the graphs of @(%) and y(2), together with (as a rule) 
two isolated points. Is y defined when (a) c=1, (6) x= -1, (c) v=0? 


16. Prove that the function y which is equal to 0 when @ is rational, and 
to 1 when ~ is irrational, may be represented in the form 


y= lim sgn {sin?(m! rx)}, 
Mw» oO 
where sgn “= lim (2/1) arc tan (nx), 
UD 


as in Ex. xxxr. 14, [If w is rational then sin?(m!mx), and therefore 
sgn {sin? (m! m2)}, 1s equal to zero from a certain value of m onwards: if 
x is irrational then sin?(m! mw) is always positive, and so sgn {sin? (m! mz)} 
is always equal to 1.] 
Prove that y may also be represented in the form 
1- lim [lim {cos (m ! mx)}?}, 
MPD UPD 
17. Sum the series 
1 
y(v+1)’ 


1 


3 eran 
1 1¥(v+1)...(y +h) 


[Since 


1 aratrersvetera ss _ l 
v(iv+l1)...v+h) & lv(vt+1)...~+k—1) CEIVED 


n 1 1f 1 1 
mega Fee Sera ara OR CE SCENES 
re) i 1 
2 
iy Wa<loftien —~ =-2(142454...); 
zZ-a a a a j 

‘ L L a a q Ay 

and if |z|>|a], then ry ae s(1+$4$+...). Py 


19. Expansion of (Az+B)/(az?4+2bz+c) in powers of z. Let a, B 
be the roots of az#?+2bz+c=0, so that az?42bz+c=a(z-a)(z-8). We 
shall suppose that A, B, a, b, ¢ are all real, anda and B unequal. It is then 
easy to verify that 


az+22bz+ce a(a—B) 
There are two cases, according as 6?> ac or 6b? < ae. 


(1) If6?><ac then the roots a, Bare real and distinct. If |z] is less than 
either |a| or |8| we can expand 1/(z~a) and 1/(z—8) in ascending powers of z 
(Ex.18). If |z|is greater than either |a| or |8| we must expand in descending 
powers of z; while if |z| lies between |a| and |@| one fraction must be ex- 
panded in ascending and one in descending powers of z The reader should 
write down the actual results. If |z| is equal to [a] or |8| then no such 
expansion is possible. 


Z—~a z-B 


Az+B I (Ge apt) 
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(2) If b?<ae then the roots are conjugate complex numbers (Ch. III 
§ 43), and we can write 


a=pCisd, B=p Cis (—@), 

where p*=a8=c/a, pcosd=%$(at+B)=-—b/a, so that cosd=—,/(H/ac), 
sin d=,/{1 — (b7/ac)}. 

If |z|<p then each fraction may be expanded in ascending powers of 2. 
The coefficient of 2" will be found to be 

Ap sinnd+B sin {(n+ 1) oh 
ap™*1sin h 

If |z|>p we obtain a similar expansion in descending powers, while if |z|=p 
no such expansion is possible. 

20. Show that if |z|<1 then 

14+224322+...+(2+1) *+...=1/(L—z)% 
._ l= ne” 

[The sum to 2 terms is (eer ae “|| 

21. Expand Z/(z—a)? in powers of z, ascending or descending according 
as |z|<|a| or |z|>|a|. 

22, Show that if b?=ae and | az|< | 6| then 

Az+B 0 
a eebpee ee 

where p,={(—a)"/b"*+2} {(n+1)aB—nbA}; and find the corresponding ex- 
pansion, in descending powers of z, which holds when |az| >|]. 


23. Verify the result of Ex. 19 in the case of the fraction 1/(1+z*). [We 
have 1/(1+2)=s "sin {(4(n+1)r}=1-2+2-....] 
24, Prove that if jz|<1 then 
Lapp eeeses 
1+2+2 = 


25. Expand (1+2)/(1+2), (1+2%)/((1+2) and (1+2+42*)/(1+<) in ascend- 
ing powers of z. For what values of z do your results hold? 


*_S2"sin {2(n+1) 7}. 


26. If a/(a+b2e+e2)=1+py2+po2?+... then 
a+cz a2 
a—cz a— (b?—2ac) z+ cz?" 
(Math. Trip. 1900.) 


L+ pet poet... 


27. If lim s,=é then 


a >n 
Ty lin Cte 


n> nv 


[Let s,=J+¢,. Then we have to prove that (t,+é:+...+tn)/n tends to 
zero if t, does so. 


POSITIVE INTEGRAL VARIABLE 161 


We divide the numbers 4, ty, ... tf, into two sets ¢), t, ..., tn andety 41; 
ty 42) +++) tn. Here we suppose that p is a function of » which tends to o 
as n-» 0, but more slowly than n, so that p-»o and p/n>0: e.g. we might 
suppose p to be the integral part of /n. 


Let ¢« be any positive number. However small 6 may be, we can choose 
mq SO that ty 41, tp425 +++) fy are all numerically less than $5 when n=7o, and so 


\(psittpsab ee ttn)/n|< 438 (n—-p)/n< ho. 


But, if A is the greatest of the moduli of all the numbers ¢,, é, .. 
have 


9 we 


[(ty+ oy. + tp)/n| <pd/n, 


and this also will be less than $5 when x27), if mo is large enough, since 
p/n-Oasn-»o. Thus 


eg ttot... +ey)/m| Sli teet...+t,)/n|+ (port... +tr)/n|<d 
when 72%; which proves the theorem. 


The reader, if he desires to become expert in dealing with questions about 
limits, should study the argument above with great care. It is very often 
necessary, in proving the limit of some given expression to be zero, to split it 


into two parts which have to be proved to have the limit zero in slightly + 


different ways. When this is the case the proof is never very easy. 


The point of the proof is this: we have to prove that (¢;+¢,+...+t,)/n is 
small when 7 is large, the ¢’s being small when their suffixes are large. We 
split up the terms in the bracket into two groups. The terms in the first 
group are not all small, but their number is small compared with . The 
number in the “second pi group is not small compared with 2, but the terms are 
all small, and their number at any rate less than 7, so that their sum is small 

compared with x. Hence each of the parts into which (¢,+%+...+¢,)/n 
has been divided is small when 7 is large.] 


28. If 6(n)-d(n-1) +1 as now, then @ (n)/n—l. 

(If p (n)=s8,+s2+...+8, then d(n)—¢o(n-—1)=s,, and the theorem re- 
duces to that proved in the last example.] 

29. Ifs,=3{1—(-—1)"}, so that s, is equal to 1 or 0 according as x is odd 
or even, then (s,+82+...+8))/n>} as n-»o. 

[This example proves that the converse of Ex. 27 is not true: for s, 


oscillates as n-> a .] 


30. If ¢,, s, denote the sums of the first » terms of the series 


$+c0s6+c0s20+..., sind+sin26+..., 
then 
lim (cy + ¢2+...+¢n)/2=0, lim (6, +5,-+...+8n)/n=4 cot 46. 


tt 
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CHAPTER V 


LIMITS OF FUNCTIONS OF A CONTINUOUS VARIABLE. 
CONTINUOUS AND DISCONTINUOUS FUNCTIONS 


89. Limits as x tends to ». We shall now return to 
functions of a continuous real variable. We shall confine our- 
seives entirely to one-valued functions*, and we shall denote such 
a function by ¢(x). We suppose # to assume successively all 
values corresponding to points on our fundamental straight line 
A, starting from some definite point on the line and progressing 
always to the right. In these circumstances we say that « 
tends to infinity, or to o,and writex+o. The only difference 
between the ‘tending of n to 0’ discussed in the last chapter, and 
this ‘tending of x to 0’, is that x assumes all values as it tends 


to 0, ae. that the point P which corresponds to « coincides in 


turn with every point of A to the right of its initial position, 
whereas n tended to bya series of jumps. We can express this 


- distinction by saying that tends continuously to 0. 


As we explained at the beginning of the last chapter, there is 
a very close correspondence between functions-of # and functions 
of «. Every function of n may be regarded as a selection from 
the values of a function of # Jn the last chapter we discussed 
the peculiarities which may characterise the behaviour of a 
function @(n) as n tends to o. Now we are concerned with the 
same problem for a function @(x); and the definitions and 
theorems to which we are led are practically repetitions of those 
of the last chapter. Thus corresponding to Def. 1 of § 58 we 
have: 


* Thus ,/x stands in this chapter for the one-valued function +,/z and not (as 
in § 26) for the two-valued function whose values are +,/x and —,/2. 
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DEFINITION 1. The function (x) is said to tend to the limit | 
as x tends to 0 if, when any positive number 6, however small, is 
assigned, a number x, (6) can be chosen such that, for all values of 
x equal to or greater than a (8), 6 (x) differs from I by less than 8, 


1.6. of 
|p(z)-1} <6 


when x = x, (6). 


When this is the case we may write 
lim ¢ («) =1, 
or, when there is no risk of ambiguity, simply lim ¢(a) =], or 
@(z)—>l. Similarly we have: 


DEFINITION 2. The function $(x) is said to tend to © with 
a uf, when any number A, however large, 1s assigned, we can choose 
a number x, (Q) such that 
h(x) >A 
when x Z x (A). 
We then write 


d (a) > 00. 


Similarly we define ¢(#)+—o*, Finally we have: 


DEFINITION 3. If the conditions of neither of the two preceding 
definitions are satisfied, then $ («) ts satd to oscillate as a tends 
tow. If |d(x)| 2s less than some constant K when x2 a+, then 
f(x) ws saad to oscillate finitely, and otherwise infinitely. 


The reader will remember that in the last chapter we con- 
sidered very carefully various less formal ways of expressing the 
facts represented by the formulae $(n)—~J, 6(n)~o. Similar 
modes of expression may of course be used in the present case. 
Thus we may say that ¢(«) is small or nearly equal to / or large 
“when a is large, using the words ‘small’, ‘nearly’, ‘large’ in 
a sense similar to that in which they were used in Ch. IV. 


* We shall sometimes find it convenient to write +0, r->+0, (rz) ++ 
instead of ©, r+, (x) >om., 

+ In the corresponding definition of § 62, we postulated that | @ (n) | <K for all 
values of n, and not merely when n2=n,. But then the two hypotheses would have 
been equivalent; for if |¢(n)|< K when n2 7, then |¢@(n)|< XK’ for all values 
of n, where K’ is the greatest of ¢(1), ¢(2),..., @(%—1) and K. Here the 
matter is not quite so simple, as there are infinitely | many values of « less than 2. 


* 11—2 
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Examples XXXIV. 1. Consider the behaviour of the following functions 
aso : 1/0, 1+ (1/0), 0% a [x], ©—[2], [2] +V/{e-[o}. 

The first four functions correspond exactly to functions of n fully dis- 
cussed in Ch. IV. The graphs of the last three were constructed in Ch. II 
(Exs. xvi. 1, 2, 4), and the reader will see at once that [v7]> ©, #-—[z] oscillates 
finitely, and [v7]+/{x—-[z]}}>o. 

One simple remark may be inserted here. The function $(7)=x-[2] 
oscillates between 0 and 1, as is obvious from the form of its graph. It is 


equal to zero whenever « is an integer, so that the function ¢(n) derived 
from it is always zero and so tends to the limit zero, The same is true if 


d(e)=siner, d(n)=sinnr=0. 


sponding property for ¢(z), but that the converse is by no means always 


It is evident that @(«#)>/ or d(x) or ¢(#)-»>—o involves the corre- 
. true. 


2. Consider in the same way the functions: 
(sinam)/7, xsinam, («siner), tana, acos*ar+bsin’ xz, 
illustrating your remarks by means of the graphs of the functions. 
3. Give a geometrical explanation of Def. 1, analogous to the geometrical 
explanation of Ch. IV, § 59. 


4, If d(#)>l,and J is not zero, then ¢ (x) cos xm and ¢ (x) sin xz oscillate 
finitely. If d(x)» or d(x) >-—o, then they oscillate infinitely. The 
graph of either function is a wavy curve oscillating between the curves 
y=$ (a) and y= —$ (2). 


5. Discuss the behaviour, as ro, of the function 
y= f (x) cos? var + F(x) sin? xr, 


where f(z) and F(x) are some pair of simple functions (e.g. 2 and x). [The 
graph of y is a curve oscillating between the curves y= f(z), y=/'(x).] 


90. Limits as « tends to —«. The reader will have no 
difficulty in framing for himself definitions of the meaning. of the 


= 


assertions ‘a tends to — 00’, or ‘a#—>—o’ and 5 
hm ¢(#)=1, p(t)> ow, b(t) >-@. 4 
> — 0 


In fact, if e=—y and ¢(#)=¢(-y)=W(y), then y tends 
to 0 as x tends to —o, and the question of the behaviour of 
(x) as x tends to — is the same as that of the behaviour of 
vw (y) as y tends to 0. 
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91. Theorems corresponding to those of Ch. IV, §§ 63—67. 
The theorems concerning the sums, products, and quotients of functions 
proved in Ch. IV are all true (with obvious verbal alterations which the 
reader will have no difficulty in supplying) for functions of the continuous 
variable x. Not only the enunciations but the proofs remain substantially 
the same. 


92. Steadily increasing or decreasing functions. The definition 
which corresponds to that of § 69 is as follows: the function (x) will 
be said to increase steadily with x if p(%2)2h(«%) whenever x2>2,. In 
many cases, of course, this condition is only satisfied from a definite value 
of # onwards, 2.e. when 7, >2,;2.7%). The theorem which follows in that section 
requires no alteration but that of ” into : and the proof is the same, except 
for obvious verbal changes. 


it b (20) > (2), the possibility of equality being excluded, whenever 
X2_>%, then d(x) will be said to be steadily tnereasing tm the stricter sense. 


We shall find that the distinction is often important (ef. §§ 108—109). h 


The reader should consider whether or no the following functions 
increase steadily with # (or at any rate increase steadily from a certain 
value of x onwards): 2®—#, #+sinz, v+2sinax, z?+4+2sin 2, [x], [7]+sin2, 
[e]+J{e—[c]}. All these functions tend to o asw>oa, © 


93. Limits as z tends to 0. Let (x) be such a function 
of x that lim ¢(#)=J, and let. y=1/#, Then 


$(a)=$ I/y)= vy), 


say. As # tends to 0, y tends to the limit 0, and > (y) tends to 
the limit J. 


Let us now dismiss # and consider y(y) simply as a function 
of y. We are for the moment concerned only with those values 
of y which correspond to large positive values of a, that is to say 
with small positive values of y. And ar (y) has the property that 
by making y sufficiently small we can make w(y) differ by as 
little as we please from 1. To put the matter more precisely, 
the statement expressed by lim ¢(#)=/ means that, when any 
positive number 6, however small, is assigned; we can choose 
Xy So that | $ (x) —1|< 6 for all values of # greater than or equal 
to a. But this is the same thing as saying that we can choose 


‘Yo = 1/a so that | (y)—1| <8 for all positive values ofy less than 


ir ® equal to Yo. 


We are thus led to the following definitions: 


a! 


Teh 


a 


\ < 


) 


1/ 
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A. If, when any positive number 8, however small, is assigned, 
we can choose y (8) so that 


Ip(y)-l]<68 


when 0< y SY (8), then we say that ¢ (y) tends to the limit l as y 
tends to 0 by positive values, and we write 


lim $ (y)=2. 
y->+0 


B. If, when any number A, however large, is assigned, we can 
choose y, (A) so that 
oy)>A 


when 0<ys y (A), then we say that p(y) tends to as y tends 
to 0 by positive values, and we write 


b(y) > 0. 


We define in a similar way the meaning of ‘¢(y) tends to 
the hmit J as y tends to 0 by negative values’, or ‘lim ¢ (y) =1 
when y>—0*. We have in fact only to alter 0<y<y,(8) to 
— yo(6) = ¥< 0 indefinition A. There is of course a corresponding 
analogue of definition B, and similar definitions in which 


ya © 
as y>+0 or y>—0. 


If lim d(yj=t and lim ¢$(y)=1, we write simply 
y>~t+0 y¥—~-0 
lim $(y) =. 
y>0 


This case_is so important that it is worth while to give a formal 
definition. T 


Lf, when any positive number 8, however small, is assigned, we 
can choose y(6) so that, for all values of y different from zero but 
numerically less than or equal to y.(8), @ (y) differs from 1 by less 
than 6, then we say that $(y) tends to the limit I as y tends to 0, 
and write | 

lim ¢ (y) =. 
y>0 


So also, if f(y) > «© as y>+0 and also as y >—0, we say 
that d(y)>« as y>O0. We define in a similar manner the 
statement that ¢(y) ~— © as y>0, 
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Finally, if }(y) does not tend to a limit, or to , or to 
—0,asy>+0, we say that $(y) oscillates as y > + 0, finitely 
or infinitely as the case may be; and we define oscillation as 
y—~>—O in a similar manner. 


The preceding definitions have been stated in terms of a 
variable denoted by y: what letter is used is of course immaterial, 
and we may suppose 2 written instead of y throughout them. 


94. Limits as x tends to a. Suppose that d(y)—/ as 
y ~ 0, and write 


y=a-a, $(y)=$@-4)= (a). 
If y0 then «>a and (x) +l, and we are naturally led to 
write 
lim vr (a) = l, 


or simply lim y (a) =1 or (x) +1, and to say that yf («) tends to 
the limit | as « tends to a. The meaning of this equation may 
be formally and directly defined as follows: if, given 5, we can 
always determine ¢(8) so that 


|d(e)-l|<6 


when 0<|a—a|s €(6), then 
lim @ («) = 1. 


By restricting ourselves to values of « greater than a, t.e. by 
replacing 0<|e—a|se(5) bya<aSa+e (6), we define ‘¢ (x) 
tends to / when x approaches a from the right’, which we may 
write as 


hi Sh 
aa $ (#) 
In the same way we can define the meaning of 
lim @(#)=l. 


x>a-0 


Thus lim ¢ (x) =1 is equivalent to the two assertions 
t>a wn anny 


ames, a 


lim ¢(#@)=l, hm ¢(#)=1 \\ 


x>atd 


We can give similar definitions referring to the cases in which 
d(xz)>0 or (%)->+—2% as xa through values greater or less 
than a; but it is probably unnecessary to dwell further on these 
definitions, since they are exactly similar to those stated above in 
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the special case when a=0, and we can always discuss the 
/ behaviour of }(x) as «>a by putting e—-a=y and supposing 
| that y—0. 
q" 95. Steadily increasing or decreasing functions. If there isa number 
~* e such that $(2’)S¢ (@”) whenever a-—e<uv’<x"<a+e, then (zx) will be 
said to increase steadily in the neighbourhood of =a 


Suppose first that e<a, and put y=1/(a—wx). Then y>o as r>a—0, 

and $ (x)= ¥¢ (y) is a steadily increasing function of y, never greater than (a). 

» it follows from § 92 that ¢(a) tends to a limit not greater than ¢(a). We 
> shall write 


on = OCA eebCn) _ lim. $(z)=G(a+0). 
eG. \c i xr>ato0 


Ys 


We can define ¢@(a—-0) ina similar manner; and it is clear that 


p (a—0) £4 (a) Sh (4 +0). 


It is obvious that similar considerations may be applied to decreasing 
functions. 


+? Tf d(v)<¢(e"), the possibility of equality being excluded, whenever 
y  a-e<ai<u"<ate, then ¢(x) will be said to be steadily increasing in the 
\ i stricter sense. 


96. Limits of indetermination and the principle of convergence. 

All of the argument of §§ 80—84 may be applied to functions of a con- 
tinuous variable « which tends to a limit a. In particular, if d(x) is 

\S bounded in an interval including a (i.e. if we can find e, H, and A so that 
; e+ M<o(x)<K whena-exSrsat+ e)*, then we can define A and A, the lower and 
upper limits of indetermination of ¢ (x) as xa, and prove shit the necessary 

and sufficient condition that ¢ (7)-/ as xa is that A=A=/. We can also 
establish the analogue of the principle of convergence, ze. prove that the 
necessary and sufficient condition that d(x) should tend to a limit as wa ts 

that, when 8 ts given, we can choose €(6) so that |p (%2)-— (a1) |<8 when 
0<|#%,-—a|<|a,-a]Se(8). f 


Examples XXXV. 1. If \ 


Pp(x)>l, p(x)~!l, 
as >a, then d(x)t+e(2)=ltl, O(a) v(a)ell, and o(a)/p (4)—ll, 
unless in the last case /'=0 


[We saw in § 91 that the theorems of Ch. IV, §§ 63 et seg. hold also for. 
functions of 2 when x->o or v-»—o. By putting =1/y we may extend 
them to functions of y, when y->-0, and by putting y=z-—a to functions of z, 
when za. 


_ * For some further discussion of the notion of a function bounded in an interval 
see § 102. 


vy) 
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The reader should however try to prove them directly from the formal 
definition given above. Thus, in order to obtain a strict direct proof of the 
first result he need only take the proof of Theorem I of § 63 and write 
throughout « for n, a for © and 0<|“-a|e for nZ7n.] 


2. If mis a positive integer then 20 as x>0. 


3. Ifm is a negative integer then #”-»>-+ as x->+0, while 2"+»-—o or 
2” »+o0 asv»—O0, according as m is odd or even. If m=0 then a™=1 
and z”—»1. 


4, lim (at+bet+cr?+ ... +ha™)=a, 
%->0 


5. lim {(a+ bat vee tha) (a+ Ber ... +«o")}=a/a, unlessa=0. If a=0 
x>0 


and a+0, 8+0, then the function tends to +0 or —o, as x->+0, according 
as a and B have like or unlike signs; the case is reversed if »>—0. The 
case in which both a and a vanish is considered in Ex. xxxvi. 5. Discuss the 
cases which arise when a+0 and more than one of the first coefficients in the 
denominator vanish. 


6. lim x™=a™, if m is any positive or negative integer, except when a=0 
ta 


and m is negative. [If m>0, put x=y+a and apply Ex, 4. When m<0O, 
the result follows from Ex. 1 above. It follows at once that lim P (#)=P (a), 
if P(x) is any polynomial. ] 
7. lim R(x)=R (a), if R denotes any rational function and a is not one 
Cra 
of the roots of its denominator. 


8. Show that lim z”=a™ for all rational values of m, except when a=0 
ta 


and m is negative. [This follows at once, when a@ is positive, from the in- 
equalities (9) or (10) of $74. For |z"—-a™|< H|x—a|, where / is the greater 
of the absolute values of mz™-1 and ma™~! (cf. Ex. xxviu. 4). IPf wis negative 
we write v= —-—yanda=-b. Then 

lim 2 =lim (—1)"y™=(-1)"b"=a"] 

97. The reader will probably fail to see at first that any proof 
of such results as those of Exs. 4, 5, 6, 7, 8 above is necessary. 
He may ask ‘why not simply put «=0, or =a? Of course 
we then get a,a/a,a™, P(a), R oD). It is very important that he 


should see exactly where(he is wrong) We shall therefore consider / 


this point carefully before passing on n to any further examples. 
The statement lim } (@)= =| 


x>0 


is a statement about the values of ¢(x) when « has any value 


PETERMAN Yara _ 
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distinct from but differing by little from zero*. It is not a statement 
about the value of (2) when xz=0. When we make the state- 
equal to 1. We ore Litre wintoter saat wna happens 
when # is actually equal to 0. So far as we know, ¢ (x) may 
not be defined at all for «=0; or it may have some value 
other than J. For example, consider the function defined for all 
values of # by the equation ¢(#)=0. It is obvious that 


linai(@)SO! iueitiniee eee (1). 


Now consider the function y(a) which differs from ¢(«) only in 
that yr (v)=1 when «=0. Then 


limi oy at ee (2), 


for, when # is nearly equal to zero, (x) is not only nearly but 
exactly equal to zero. But y(0)=1. The graph of this function 
consists of the axis of x, with the point «=0 left out, and one 
isolated point, viz. the point (0, 1). The equation (2) expresses 
the fact that if we move along the graph towards the axis of y, 
from either side, then the ordinate of the curve, being always equal 
to zero, tends to the limit zero. This fact is in no way affected 


by the position of the isolated point (0, 1). 


The reader may object to this example on the score of 


| artificiality : but it is easy to write down simple formulae repre- 


senting functions which behave precisely like this near #=0. 


One is 
(a) =[1- 27], 


where [1 — 2*] denotes as usual the greatest integer not greater 
than 1-22 For if 2=0 then y(#)=[1]=1; ‘while if 0<a< 1, 
or —1 <a <0, then 0<1—2°<1 and so ¥ (#2) =[1—2°] =0. 


Or again, let us consider the function 
y = ale 
already discussed in Ch. II, § 24, (2). This function is equal 


to 1 for all values of # save «=0. It is not equal to 1 when 
2=0: it isin fact not defined at all for e=0. For when we say 
* Thus in Def. A of § 93 we make a statement about values of y such that 


O0<y yo, the first of these inequalities being inserted expressly in order to 
exclude the value y=0. 
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that ¢(z) is defined for «= 0 we mean (as we explained in Ch. II, 


Ic.) that we can calculate its value for «=0 by putting «=0 


in the actual expression of ¢(#). In this case we cannot. When 
we put z=0 in ¢(z) we obtain 0/0, which is a meaningless 
expression. The reader may object ‘divide numerator and de- 
nominator by x’. But he must admit that when #«=0 this is 
impossible. Thus y=/« is a function which differs from y=1 
solely in that it is not defined for z=0. None the less 


lim (a/#) =1, 
for x/@ is equal to 1 so long as « differs from zero, however small 
the difference may be. 


Similarly $ (x) ={(@+1)?—1}/e=x2+2 so long as a is not 
equal to zero, but is undefined when x=0. None the less 


lim ¢ (a) = 2. 


On the other hand there is of course nothing to prevent the 
limit of ¢ (#) as « tends to zero from being equal to ¢ (0), the value 
of d(z) forz=0. Thusif d(x) =a then ¢(0)=Oand lim ¢ (x) = 0. 
This is in fact, from a practical point of view, «.e. from the point 
of view of what most frequently occurs in applications, the 
ordinary case. 


Examples XXXVI. 1. lim (2?- a?)/(x-a)=2a. 
‘ rT>a 

9. lim (a”—a™)/(x—a)=ma™-|, if m is any integer (zero included). 
Cra 


3. Show that the result of Ex. 2 remains true for all rational values 
of m, provided a is positive. [This follows at once from the inequalities 
(9) and (10) of § 74.] ; 


4. lim (a7 — 225+41)/(a3-32242)=1. [Observe that »-1 is a factor of 
xr->1 


both numerator and denominator.] 


5. Discuss the behaviour of 
gh (2) = (ag B™ ye T14 .., paar) (bya + ba" t+... + b,a"*) 
as « tends to 0 by positive or negative values. 

[If m>n, lim (x)=0. If m=n, lim (x)=ag/by. If m<n and n-m is 
even, b (x) +0 or h(7)-»> — © according as ao/by >0 or ao/bp <0. If m<nand 
n—mis odd, p(z)>+0 as z->+0 and d(1)->- © as r> — 0, or b(7)>—@ 
as t>+0 and o(x2)->+0 as r->—0, according as ao/by>0 or ag/b)<0.] 


SLVR gD: = 
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6. Orders of smallness. When x is small x? is very much smaller, 
2? much smaller still, and so on: in other words 
lim (#/#)=0, limi@e/e*)=0, ... . 
x->0 x->0 


! Another way of stating the matter is to say that, when x tends to 0, 
x, x3, ... all also tend to 0, but 2? tends to 0 more rapidly than a, 2° than 


| #*, and so on. It is convenient to have some scale by which to measure 


the rapidity with which a function, whose limit, as # tends to 0, is 0, 
diminishes with x, and it is natural to take the simple functions a, x, x, ... 
as the measures of our scale. 


We say, therefore, that (x) ts of the_first order of smaliness if $ (a)/a 
tends to a limit other than 0 as x tends to 0. Thus 2%432?+27 is of the 
first order of smallness, since lim (27432? +.7)/x=2. 


Similarly we define the second, third, fourth, ... orders of smallness. It 
must not be imagined that this scale of orders of smallness is in any way 
complete. If it were complete, then every function ¢ (x) which tends to zero 
with # would be of either the first or second or some higher order of smallness. 
This is obviously not the case. For example ¢(#)=275 tends to zero more 
rapidly than x and less rapidly than 27. 


The reader may not unnaturally think that our scale might be made 
complete by including in it fractional orders of smallness. Thus we might 
say that «’ was of the ith order of smallness. We shall however see later 
on that such a scale of orders would still be altogether incomplete. And 
as a matter of fact the integral orders of smallness defined above are so 
much more important in applications than any others that it is hardly 
necessary to attempt to make our definitions more precise. 


Orders of greatness. Similar definitions are at once suggested to 
meet the case in which ¢() is large (positively or negatively) when wz is 
small. We shall say that ¢ (x) is of the £th order of greatness when is small 
if @ (x)/a-*= 2 (x) tends to a limit different from 0 as « tends to 0. 


These definitions have reference to the case in which «+0. There are of 
course corresponding definitions relating to the cases in which vo or xa. 
Thus if «#*¢ (a) tends to a limit other than zero, as ro, then we say that 
(x) is of the éth order of smallness when z is large: while if (v—.a)* ¢ (x) 
tends to a limit other than zero, as ra, then we say that ¢ (#) is of the th 
order of greatness when z is nearly equal to a. 


*7, lim (1+2)=lim/(l-—2#)=1. [Put 1+xv=y or 1-x=y, and use 
Ex. Xxxv. 8.) } | 49 

8 lim {/(1+2)-./(l-—2«)}/e=1. [Multiply numerator and denominator 
by /(1+2)+/(1-2).] 


* In the examples which follow it is to be assumed that limits as x0 are 
required, unless (as in Exs. 19, 22) the contrary is explicitly stated. 


97] _ OF A CONTINUOUS VARIABLE - fe 


9. Consider the behaviour of {,/(1+4™) —/(1—- .2™)}/a" as z->0, m and n 
being positive integers. 


10, lim{/(1+¢+.27) -]/v= 


mm Ve -V +2") _ 
m= @)= =a) 


12. Draw a _ of the function 


pa( 2 1 1 1 1 li 1 1 
Ear aatie-s * te et teat 
Has it a limit as v>0? [Here y=1 except for e=1, 4, 4, , when y is 


it: 


not defined, and y>1 as x->0.] 


12 eZ, 
a 


[It may be deduced from the definitions of the trigonometrical ratios* that 
if # is positive and less than $2 then 
sina<a<tane 


sin x£ 


or cosr<— <i 
or 0<1- 82 <1-cosa= 2 sin? 22, 


But 2 sin?42<2($2)?<$a? Hence lim (1 _ = =0,and lim Eutee | 
x—>+0 g Xt» +0 


As =< is an even function, the result follows. ] 


14, Tim 873, 5, tim 28g, Is this true if a=01 
16. i. [Put ¢=sin y.] 
eee i, HC 
fe apne OOF og a iar Oe eg 
u = pe) tantra = 7 


* The proofs of the inequalities which are used here depend on certain pro- 
perties of the area of a sector of a circle which are usually taken as geometrically 
intuitive ; for example, that the area of the sector is greater than that of the 
triangle inscribed in the sector. The justification of these assumptions must be 
postponed toCh. VI. 1, wy 
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20. How do the functions sin(1/x), (1/%)sin(1/x), xsin(1/”) behave 
as «>0O? [The first oscillates finitely, the second infinitely, the third 
tends to the limit 0. None is defined when r=0. See Exs. xv. 6, 7, 8.] 


r=(1e2) f(s 


tend to a limit as x tends to0? [WNo. The function is equal to 1 except when 
sin (1/v)=0; 2.e. when x=1/z, 1 /2z, ...,~1/7, ~1/27,.... For these values the 
formula for y assumes the meaningless form 0/0, and y is therefore not defined 
for an infinity of values of x near +=0.] 


21. Does the function 


22. Prove that if m is any integer then [v]»m and x«-—[7]>0 as 
xz>m+0, ard [z]~m-1, «-[v]>1 as x>m -0. 


98. Continuous functions of a real variable. The 
reader has no doubt some idea as to what is meant by a continuous 
curve. Thus he would call the curve C in Fig. 29 continuous, 
the curve C” generally continuous but discontinuous for # = é’ and 
gree". 


1 
t] 
| 
f 
{ 
| 
¢ 
21 


0 Ee 
Fig. 29. 


Either of these curves may be regarded as the graph of a 
function @(«). It is natural to call a function continuous if its 
graph is a continuous curve, and otherwise discontinuous. Let us 
take this as a provisional definition and try to distinguish more 
precisely some of the properties which are involved in it. 


In the first place it is evident that the property of the 
function y=¢(z) of which C is the graph may be analysed into 
_ some property possessed by the curve at each of its points. 
To be able to define continuity for all values of « we must first 
define continuity for any particular value of « Let us there- 
fore fix on some particular value of x, say the value #=& 
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corresponding to the point P of the graph. What are the 
characteristic properties of ¢(#) associated with this value of x? 


In the first place $ (2) as defined for x=£&. This is obviously 
essential. If #(&) were not defined there would be a point 
missing from the curve. 


Secondly @¢ (x) is defined for all values of « near v= &; te. we 
can find an interval, including #=€& in its interior, for all points 
of which ¢ (x) is defined. . 


Thirdly if « approaches the value E from either side then @) | 
approaches the limit ¢ (€). 


The properties thus defined are far from exhausting those 
which are possessed by the curve as pictured by the eye of 
common sense. This picture of a curve is a generalisation from 
particular curves such as straight lines and circles. But they are 
the simplest and most fundamental properties: and the graph of 
any function which has these properties would, so far as drawing 
it is practically possible, satisfy our geometrical feeling of what a 
continuous curve should be. We therefore select these properties 
as embodying the mathematical notion of continuity. We are thus 
led to the following 


DeEFInitTion. The function $(«) is said to be continuous for 
a=E& if uw tends to a limit as x tends to & from either side, and 
each of these limits is equal to ¢ (E). y 


We can now define continuity throughout an interval. The 
function ¢(z) is said to be continuous throughout a certain 
interval of values of x if it is continuous for all values of z in that 
interval. It is said to be continuous everywhere if it is continuous 
for every value of a Thus [%] is continuous in the interval | 
(ce, 1 — e), where ¢ 1s any positive number less than 4; and 1 and x 
are continuous everywhere. 


If we recur to the definitions of a limit we see that our 
definition is equivalent to ‘ (a) ts continuous for x = £ tf, given 5, 


we can choose ¢ (8) so that | ¢ (x) — P(E)|< 8 f0s|ae—€| S €(8)’ 


We have often to consider functions defined only in an interval 
(a, 6). In this case it is convenient to make a slight and obvious 


{ 

q 
ep | 
= 


| 
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change in our definition of continuity in so far as it concerns the 


particular points a and b. We shall then say that ¢ (2) is con- 


tinuous for «=a if ¢(a+0) exists and is equal to (a), and for 
x =b if ¢(b— 0) exists and is equal to ¢ (0). 


99. The definition of continuity given in the last section may 
be illustrated geometrically as follows. Draw the two horizontal 


lines y= $(€)~S and y=$(E) +8. Then|$(2)— (8) |< 8 ex- 
presses the fact that the point on the curve corresponding to 2 lies 


Y 


Sag ee ge y=¢ (&) +6 
| 


woo a --- +++ one | e222 ne 222 eS ----- 4} --------- y= (&)-6 


0 f-e€ E+e Ex 
Fig. 30. 


between these two lines. Similarly |~—&|<e expresses the fact 
that « lies in the interval (E—e, €+¢). Thus our definition asserts 
that if we draw two such horizontal lines, no matter how close. 
together, we can always cut off a vertical strip of the plane by 
two vertical lines in such a way that all that part of the curve 
which is contained in the strip hes between the two horizontal 
lines. This is evidently true of the curve C (Fig. 29), whatever 
value € may have. 


‘We shall now discuss the continuity of some special types of 
functions. Some of the results which follow were (as we pointed 
out at the time) tacitly assumed in Ch. IT. 


Examples XXXVII. 1. Thesum or product of two functions continuous 
at a point is continuous at that point. The quotient is also continuous 
unless the denominator vanishes at the point. [This follows at once from 
Hx. XXxv. 1.] 


2. Any polynomial is continuous for all values of w Any rational 
fraction is continuous except for values of w for which the denominator 
vanishes. [This follows from Exs. xxxv. 6, 7.] 


3 
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“i 


3. ./« is continuous for all positive values of a (Ex. xxxv. 8). Itis not \s 
defined when « <0, but is continuous for z=0 in virtue of the remark made at 
the end of § 93. The same is true of 2”, where m and x are any positive 
integers of which x is even. 


4. The function 2", where 7 is odd, is continuous for all values of x. 


5. 1/v is not continuous for r=0, It has no value for #=0, nor does it 
tend toa limitas z>0. In fact 1/v-> +o or 1/z-> ~— w according as 20 
by positive or negative values, 


6. Discuss the continuity of #-™/", where m and 2 are positive integers, 
for 7=0. 


7. The standard rational function 2 (x)= P (#)/Q (x) is discontinuous for 
“=a, where a is any root of Q(v)=0. Thus (22+ 1)/(2? - 3242) is discon- 
tinuous for z=1. It will be noticed that in the case of rational functions a 
discontinuity is always associated with (a) a failure of the definition for a \ 
particular value of # and (6) a tending of the function to +a or —o as x 
approaches this value from either side. Such a particular kind of point of 
discontinuity is usually described as an infinity of the function. An ‘infinity’ > 
is the kind of discontinuity of most common occurrence in ordinary work. 


ad 


8. Discuss the continuity of 

Vie - a) (b-2)}, A {(e-@) (b-2)}, M(w-a)(b-2)}, Me -a)[(b- 29} 

9. sin « and eos # are continuous for all values of 2. 

[We have sin («+h) —sin v=2sin $h cos (v4 4+-3h), fine 
which is numerically less than the numerical value of A.] 


10. For what values of x are tana, cot 2, sec 2, and cosec.v continuous 
or discontinuous ? 


11. If f(y) is continuous for y=n, and ¢ (x) is a continuous function of 
2 which is equal to » when «=, then f{¢ (z)} is continuous for x= €, 


12. If ¢ («) is continuous for any particular value of x, then any poly- 
nomial in ¢ (x), such as a {¢ (2)}™+..., is so too. 


13. Discuss the eontinuity of 
If(acos?x+bsin? x), J/(2+cosx), (1+sin 2), 1/,/(1+sin 2). 
Vo14. sin (1/r), v sin (1/x), and 2? sin (1/2) are continuous except for =O. 


15, The function which is equal to # sin (1/7) except when x=0, and to 
zero when «=O, is continuous for all values of x. 


16. [2] and x—[2] are discontinuous for all integral values of x. 


17. For what (if any) values of x are the following functions discon- 
tinuous : (22), [Ve], V(e—[e), [2]+Ve-[e)), (2), [2]4[—2]? 


tl. ; 12 
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18. Classification of discontinuities. Some of the preceding examples 


suggest a classification of different types of discontinuity. 


(1) Suppose that ¢ (7) tends to a limit as #~a either by values less 
than or by values greater than a. Denote these limits, as in § 95, by ¢ (a—0) 
and ¢ (a+0) respectively. Then, for continuity, it is necessary and sufficient 
that ¢ (~) should be defined for =a, and that ¢ (a- 0)=¢ (a)=¢ (a@+0).  Dis- 


continuity may arise in a variety of ways. 


(a) $(a—0) may be equal to @ (a+0), but d(a) may not be defined, or 
may differ from @(a—0) and @(a+0). Thus if ¢ (v)=rsin (1/x) and a=0, 
g (0-0)=¢ (0+0)=0, but ¢ (x) is not defined for z=0. Or if @ (v)=[1- -_— 
and a=0, ¢ (0—0)=¢ (0+0) =9, but ¢ (0)=1. 


(8) (a—0) and ¢(a+0) may be unequal. In this case @(a) may be 
equal to one or to neither, or be undefined. The first case is illustrated 
by $ (x)=[«], for which  (0-0)=—-1, ¢ (0+0)=¢ (0) =0; the second by 
$ (x) =[2}-[—-2], for which ¢ (0O—0)= —1, @ (0+0)=1, ¢ (0) =0; and the third 
by $(#)=[v]+ sin (1/2), for which ¢ (0—0)=—-1, ¢(0+0)=0, and ¢ (0) is 
undefined. 


In any of these cases we say that @(x) has a simple discontinuity at 
a=a. And to these cascs we may add those in which ¢ (zx) is defined only 
on one side of w=a, and ¢ (a—0) or ¢ (a+0), as the case may be, exists, but 
¢ (x) is either not defined when z=a or has when #=a a value different from 
@ (a—0) or d (a+0). 

It is plain from § 95 that a@ function which increases or decreases steadily 
in the neighbourhood of «=a can have at most a simple discontinuity for «=a. 


(2) It may be the case that only one (or neither) of ¢ (a — 0) and ¢ (a+ 0° 
exists, but that, supposing for example ¢@ (a@+0) not to exist, d(z)> +0 or 
(4) >- © as x>a+0, so that > («) tends to a limit or to + or to —@ as 
a approaches a from either side. Such is the case, for instance, if p (w)=1/x or 
(x) =1/x?, anda=0. In such cases we say (cf. Ex. 7) that #=qaisan infinity 
of @(#). And again we may add to these cases those in which ¢ (7)> +0 
or $ (x) »+—cwasa-ra from one side, but (x) is not defined at all on the 
other side of =a, 


(3) Any point of discontinuity which is not a point of simple discon- 
tinuity nor an infinity is called a point of oscillatory discontinuity. Such 


\ is the point «=0 for the functions sin (1/), (1/2) sin (1/7). 


19. What is the nature of the discontinuities at 2=0 of the functions 
(sin x)/2, [v]+[-], cosec x, /(1/x), 8/(1/x), cosec (1/x), sin (1/x)/sin (1/2) ? 


20. The function which is equal to 1 when ~ is rational and to 0 when 
« is irvational (Ch. II, Ex. xvz. 10) is discontinuous for all values of 7 So too 
is any function which is defined only for rational or for irrational values cf w. 


= 
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21. The function which is equal to x when wz is irrational and to 
J/{((1+p*)/(1+9)} when « is a rational fraction p/g (Ch. I, Ex. XVI. 11) is 
discontinuous for all negative and for positive rational values of - av, but 
continuous for positive irrational values. 


22. For what points are the functions considered in Ch. IV, Exs. xxx1 
discontinuous, and what is the nature of their discontinuities? [Consider, 
e.g., the function y=lim 2” (Ex. 5). Here y is only defined when -l<r<1: 
it is equal to 0 when -1<v<1 and to 1 when =1. The points v=1 and 
2=—1 are points of simple discontinuity. ] 


100. ‘The fundamental property of a continuous function. 
It may perhaps be thought that the analysis of the idea. of a con- 
tinuous curve given in § 98 is not the simplest or most natural 
possible.. Another method of analysing our idea of continuity is the 
following. Let A and B be two points on the graph of (a) whose 
coordinates are a), 6(#) and 2, h(a) respectively. Draw any 
straight line > which passes between A and B. Then common 
sense certainly declares that if the graph of ¢ (a) is continuous it 
must cut A. 


If we consider this property as an intrinsic geometrical 
property of continuous curves it is clear that there is no real 
loss of generality in supposing % to be parallel to the axis of a. 
In this case the ordinates of A and B cannot be equal: let us 
suppose, for definiteness, that. p (a,) > (a). And let » be the 
line y=, where ¢(™)<7<¢(a). Then to say that the graph 
of @(x) must cut » is the same thing as to say that there is a 
value of « between a and 2, for which ¢ (2) = 7. 


We conclude then that a continuous function ¢(#) must 
possess the following property: 7 


P(M)=Y, P(U)=Hn, 


and Yo< 7 < ;, then there is a value of x between x, and x, for which 
o(#)=n. In other words as x varies from x, to Ly, y¥ must assunre 
at least unce every value between yy and yy. 


We shall now prove that if ¢ (#) is a continuous function of # in 
the sense defined in § 98 then it does in fact possess this property. 
There is a certain range of values of «, to the right of a, for which 
p(x)<. For $(a)<7, and so ¢(#) 1s certainly less than 7 if 
12—2 
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f (x) —$ (a) is numerically less than » — (a). But since ¢ («) 
is continuous for «=<, this condition is certainly satisfied if « is 
near enough to a. Similarly there is a certain range of values, 
to the left of a, for which ¢ (x) > . 


Let us divide the values of x between a, and 2, into two classes 
L, & as follows: 


(1) in the class LZ we put all values & of x such that ¢ 2 <7 
when w = & and for all values of # between a and &; 


(2) in the class R we put all the other values of a, ve. all 
numbers & such that either ¢ (&) = y or there isa value of x between 
x, and & for which ¢ (x) Z 7». 


Then it is evident that these two classes satisfy all the 
conditions imposed upon the classes L, R of § 17, and so constitute 
a section of the real numbers. Let & be the number corresponding 
to the section. 


First suppose ¢ (&) >, so that & belongs to the upper class: 
and let $(&)= +k, say. Then ¢ (£’) < 7 and so 


(Eo) — $ (&') > k, 


for all values of &’ less than &, which contradicts the condition of 
continuity for # = &). 


Next suppose $(&)=7-—k< >». Buen if €’ is any number 
greater than &, either $(&’)27 or we can find a number &” 
between & and & such that @(€") 27. In either case we can 
find a number as near to & as we please and such that the corre- 
sponding values of $(«) differ by more than_& And this again 
contradicts the hypothesis that ¢ («) is continuous for # = &. 


Hence $(&)=7, and the theorem is established. It should 
be observed that we have proved more than is asserted explicitly 
in the theorem; we have proved in fact that & is the least value 
of w for which ¢(#)=7. It is not obvious, or indeed generally 
true, that there is a least among the values of # for which a 


* | function assumes a given value, though this is true for continuous 


| functions. 


It is easy to see that the converse of the theorem just proved is not 
true. Thus such a function as the function ¢ (2) whose graph is represented 
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by Fig. 31 obviously assumes at least once every value between (x) and 


(1): yet @ (x) is discontinuous. Indeed it is not even true that gb (x) must , 
be continuous when it assumes each value once and once only. Thus let (xv) | 


be defined as follows from 7=0 to v=1. If w=0 let p (4%) =0; ifO0<a#<1 
let @(v)=1—x; and if e=1 let @(%)=1. The graph of the function is 
shown in Fig. 32; it ineludes the points 0, C’ but not the points A, B. It 


at 


is clear that, as x varies from 0 to 1, @ (v) assumes once and onee only every | 


value between ¢ (0)=0 and @(1)=1; but (x) is discontinuous for =0 and 
c=, mn 


A C¢ 
Xo Ly \ 
O B 

Fig. 31. Tig. 32 


As a matter of fact, however, the eurves which usually occur in elementary | 


mathematies are composed of a finite number of pieces along which y always 
varies in the same direction. It is easy to show that if Y= (£) always varies 
in the same direction, ze. steadily increases. or decreases, as a varies from 
% to 2%, then the two notions of continuity are really equivalent, 2.¢, that if 
(x) takes every value between ¢ (x) and (7) then it must be a continuous 
funetion in the sense of §98 For let & be any value of x between 2 and 
x. As v>§€ through values less than &, f () tends to the limit ¢ (é—05 
(§$ 95). Similarly as #—>€£ through values greater than & (a) tends to the 
limit (+0). The function will be continuous for v= if and only if 


$ (E-0)=9$ (£)=¢ (E+0) 
But if either of these equations is untrue, say the first, then it is evident that 
(x) never assumes any value which lies between o (€—0) and ¢ (é), which 
is contrary to our assumption. Thus @ (x) must be continuous. The net 
result of this and the last seetion is consequently to show that our eommon- 
sense notion of what we mean by continuity is substantially accurate, and 
capable of precise statement in mathematical terms. aaa 


101. In this and the following paragraphs we shall state and 
prove some general theorems concerning continuous functions. 
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THEOREM 1, Suppose that (x) ws continuous for «=&, and 
that $(£) ts positive. Then we can determine a positive number e 
such that (&) is positive throughout the interval (E —¢, E+). 


For, taking 6 = 3¢ (€) in the fundamental inequality of p. 175, 
we can choose e so that | 


| p(x) — 6 (€)| < 36 
throughout (—e, &+.), and then 


(0) =$()—|¢@)-$|>46 (4) >0, 


so that ¢ (a) is positive. There is plainly a corresponding theorem 
referring to negative values of ¢ (2). 


THEOREM 2. If ¢ (a) is continuous for x= &, and ¢ (ax) vanishes 
for values of x as near to E as we please, or assumes, for values of 
x as near to E as we please, both positive and negative values, then 


$(£)=0. 


This is an obvious corollary of Theorem 1. If $(&) is not zero, 
it must be positive or negative; and ifit were, for example, positive, 
it would be positive for all values of x sufficiently near to &, which 
contradicts the hypotheses of the theorem. 


102. The range of values of a continuous function. Let 


\ us consider a function ¢(a) about which we shall only assume at 


present that it is defined for every value of # in an interval (a, b). 


“3 ) 


The values assumed by ¢ (x) for values of gin (a, 6) form an 
aggregate S to which we can apply the arguments of § 80, as we 
applied them in n §-81 to the aggregate of values of a function of n. 
If there is a number K such that (x) < K, for all values of & in 
question, we say that ¢ (x) is bounded above. In this case ¢ (2) 
possesses an upper bound M: no value of $() exceeds M, but any _ 
number less than M is exceeded by at least one value of (2). 
Similarly we define ‘bounded below’, ‘lower bound’, ‘bounded’, as 
applied to functions of a continuous variable a. 


THEOREM 1. Jf ¢ (2) ts continuous throughout (a, b), then a 1s 
bounded in (a, b). 
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We can certainly determine an interval (a, £), extending to 
the right from a, in which ¢ (a) is bounded. For since ¢(#) is 
continuous for «=a, we can, given any positive number 6 however 
small, determine an interval (a, &) throughout which ¢ (#) lies 
between ¢ (a)— 6 and ¢(a)+6; and cf tl h (a) 1 is bounded 1 in 
shis interval. V(x < Way 49° 

Now divide the points & of the Tiarala (a, b) into two classes 
L, hk, putting € in Lif ¢(&) is bounded in (a, &), and in # if this 
is not the case. It follows from what precedes that LZ certainly 
exists: what we propose to_ 
that & does exist, and let 8 be the number corresponding to the 
section whose lower and upper classes are Zand FR. Since ¢ (2) 
is continuous for «= 8, we can, however small 6 may be, determine 
an interval (8 — ”, B+ n)* throughout which 

$(B)—8< h(x) < (8) +6. 
Thus ¢(#) 1s bounded in (@—7, 8 +7). Now B —7 belongs to L. 
Therefore d(x) is bounded in (a, @—7): and therefore it is 
bounded in the whole interval (a,8+7). But 8+ 7 belongs to & 


‘prove is that R does not. Suppose — 


and so @(x) is not bounded in (a,8+7). This contradiction | 


shows that R does not exist. And so ¢(#) is bounded in the 
whole interval (a, b). 

THEOREM 2. If (a) ts continuous throughout (a, b), and M 
and m are its upper and lower bounds, then ¢ (x) assumes the values 
M and m at least once each in the interval. 

For, given any positive number 6, we can find a value of « for 
which M—¢(a)<6 or 1/{M—¢(a)}>1/5. Hence 1/{M —¢(a)} 
is not bounded, and therefore, by Theorem 1, is not continuous. 
But M-— ¢(#) is a continuous function, and so 1/{M—¢ («)} is 
continuous at any pot at which its denominator does not vanish 
(Ex. XXXVIL 1). There must therefore be one point at which 
the denominator vanishes: at this point ¢(x)='M. Similarly it 
“may be shown that there is a point at which ¢ (a) = 

The proof just given is somewhat subtle and indirect, and it 
may be well, in view of tho arent importencesof the theorem, 
to indicate alternative lines of proof. It will however be con- 
venient to postpone these for a momentt. 


* If B=b we must replace this interval by (8~—7, 8), and 8+7 by 8, throughout 
the argument which follows. 
+ See § 104. 


tT 
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Examples XXXVIII. 1. If @(v)=1/# exeept when x=0, and (x)= 
_ when v=0, then $(#) has neither an upper nor a lower bound in any 
interval which ineludes 2=0 in its interior, as e.g. the interval (—1, +1). 


2. If p(x)=1/2? except when #=0, and ¢(7)=0 when x=0, then ¢ (2) 
has the lower bound 0, but no upper bound, in the interval (—1, +1). 

3. Let @(«)=sin (1/x) except when #=0, and ¢@ (z)=0 when =0. Then 
(x) is discontinuous for c=0. In any interval (— 8, +6) the lower bound is 


—1 andthe upper bound +1, and each of these values is assumed by ¢ (x) an 
infinity of times. 


4, Let ¢(#)=x-[v]. This function is discontinuous for all integral 
values of z In the interval (0, 1) its lower bound is 0 and its upper bound 1. 
It is equal to 0 when #=0 or r=1, but it is never equal to 1. Thus ¢ (2) 
never assumes a value equal to its upper bound. 


5. Let @(#)=0 when z is irrational, and ¢ (v)=q when ~ is a rational 
fraction p/g. Then ¢ (x) has the lower bound 0, but no upper bound, in any 
interval (a, 6). But if ¢(c)=(-1)?¢ when «=p/q, then ¢ (#) has neither an 
upper nor a lower bound in any interval. 


103. The oscillation of a function in an interval. Let 
(x) be any function bounded throughout (a, b), and Mf and m 
its upper and lower bounds. -We shall now use the notation 
M (a, b), m (a, b) for M, m, in order to exhibit explicitly the de- 
pendence of A/ and m on a and b, and we shall write 


O (a, b) = M (a, b) — m (a, b). ; 

This number O (a,.b), the difference between the upper and 
lower bounds of ¢ (a) in (a,b), we shall call the oscillation of ¢ () 
in (a, b). The simplest of the properties of the functions J (a, 6), 
m(a, b), O(a, b)are as follows, 

(1) Ifasecb then M (a, b) is equal to the greater of M (a,c) 
and M (c,b), and m (a, b) to the lesser of m (a, c) and m (ec, b). 

(2) JM (a,b) ts an increasing, m (a, b) a decreasing, and O (a, b) 
an increasing function of b. 

(3) O(a,b) S$ O(a, c) +0 (c,d). 

The first two theorems are almost immediate consequences of 
our definitions. Let w be the greater of M (a, c) and M (c, b), and 
_ let & be any positive number. Then ¢(x) Sp throughout (a, ¢) 

and (c, b), and therefore throughout (a, b); and ¢(a)>p—6 
somewhere in (a, ¢c) or in (¢, b), and therefore somewhere in (a, b). 
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Hence M (a, b)=p. The proposition concerning m may be proved 
similarly. Thus (1) 1s proved, and (2) is an obvious corollary. 


Suppose now that 4/, is the greater and JM, the less of M (a, c) 
and M (c, 6), and that m, is the less and m, the greater of m (a, c) 
and m (c, b). Then, since ¢ belongs to both intervals, ¢ (c) is not 
greater than J/, nor less than m,. Hence M,2 m,, whether these 
numbers correspond to the same one of the intervals (a, ”) and 
(c, b) or not, and 


O (a, b) = M,- m, = M,+ M,—m, —m,. 
But O (a,c) +0 (¢, b) = M, + M,-—m,— m5 
and (3) follows. 


104. Alternative proofs of Theorem 2 of § 102. The most straight- 
forward proof of Theorem 2 of § 102 is as folie: Let € be any number of 
the interval (a, 6). The function J/ (a, €) increases steadily with € and never 
exceeds Jf. We can therefore construct a section of the numbers & by 
putting € in Z or in # according as M (a, &£)<M or M(a,=M. Let B be 
the nutnber corresponding to the section. If a<B<b, we havo 

') | M (a 8-1) <I, M(a,84+n)=M 
for all positive values of 7, and so 


M(8—n, B+n)=M, 
by (1) of $103. Uenee ¢ (vx) assumes, for values of 7 as near as we please to 
8, values as near as we please to J, and so, since @ (x) is continuous, ¢ (8) 
must be equal to MM, 

If B=a then M(a,a+n)=M. And if B=b then M(a, b-—n) <M, and 
so M(b-—n, b)=M. In either case the argument may be completed as 
Lefore. 

The theorem may also be proved by the method of repeated bisection 
used in § 71. If MM is the upper bound of ¢ («) in an interval PQ, and PQ 
is divided into two equal parts, then it is possible to find a half P; Q, in which 
the upper bound of @ (7) is also Jf. Proceeding as in § 71, we construct a 
sequence of intervals PQ, P, Q,, P2Q., ... in each of which the upper bound 
of @(#) is AM. These intervals, as in § 71, converge to a point 7} and it is 
easily proved that the value of ¢ (x) at this point is JL. 


105. Sets of intervals on a line. The ele: Borel 
Theorem. We shall now proceed to prove some theorems con- 
cerning the oscillation of a function which are of a somewhat 
abstract character but of very great importance, particularly, as 
we shall see later, in the theory of integration. These theorems 
depend upon a general theorem concerning intervals on a line. 


es 
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Suppose that we are given a set of intervals in a straight 
line, that is to say an aggregate each of whose members is an 
interval (a, 8). We make no restriction as to the nature of 
these_intervals ; they. may be finite or infinite in 1 ‘umber ;, 3 they 
may or may Ti overlap*; and any number of them may be 
included in others. 

It is worth while in passing to give a few examples of sets of intervals to 
which we shall have occasion to return later. 


(i) Ifthe interval (0, 1) is divided into 7 equal parts then the v intervals 
thus formed define a finite set of non-overlapping intervals which just cover 
up the line. 


(ii) We take every point € of the interval (0, 1), and associate with € the 
interval (€—e, &+¢), where « is a positive number less than 1, except that 
with 0 we associate (0, «) and with 1 we associate (l1—e, 1), and in general we 
reject any part of any interval which projects outside the interval (0,1). We 
thus define an infinite set of intervals, and it is obvious that many of them 
overlap with one another. 


(iii) We take the rational points p/q of the interval (0, 1), and associate 
with p/q¢ the interval 
2 mee ans 
(? - GTB) 


where ¢ is positive and less than 1. We regard 0 as 0/1 and 1 as 1/1: in 
these two cases we reject the part of the interval which lies outside (0, 1). We 
obtain thus an infinite set of intervals, which plainly overlap with one another, 
since there are an infinity of rational points, other than p/gq, in the interval 
associated with p/¢. 


The Heine-Borel Theorem. Suppose that we are gien an 
interval (a, b), and a- set of intervals I each of whose members is 
included in (a, b). Suppose further that I possesses the following 
properties : 

(i) every point of (a, 6), other than a and, lies inside} at 
least one interval of I; 


(ii) a ts the left-hand end point, and b the right-hand end 
point, of at least one interval of I. 


Then it is possible to choose a finite number of intervals from 
the set I which form a set of intervals possessing the propertves (1) 
and, (31). 


* The word overlap is used in its obvious sense: two intervals overlap if they 
have points in common which are not end points of either. Thus (0, 3) and (§, 1) 
overlap. A pair of intervals such as (0, 4) and (4, 1) may be said to abut. 

+ That is to say ‘in and not at an end of’, 
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We know that @ is the left-hand end point of at least one 
interval of J, say (a, a,). We know also that a, lies inside at least 
one interval of J, say (a,’, a). Similarly a, lies inside an interval 
(de, @3) of I. It is plain that this argument may be repeated in- 
definitely, unless after a finite number of steps a, coincides with 6. 


If a, does coincide with 6 after a finite number of steps then 
there is nothing further to prove, for we have obtained a finite set 
of intervals, selected from the intervals of I, and possessing the 
properties required. If a, never coincides with b, then the points 
Q,, Uz, G3, ... must (since each lies to the right of its predecessor) 
tend to a limiting position, but this limiting position may, so far 
as we can tell, lie anywhere in (a, b). 


Let us suppose now that the process just indicated, starting 
from a, is performed in all possible ways, so that we obtain all 
possible sequences of the type a, ds, d3,..... Then we can prove ; 
that there must be at least one such sequence which arrives at b 
after a finite number of steps. 


a el eee ere ee 
a Ry a, Way ay, E “oy ~~. D; b 
Fig. 33. 


There are two possibilities with regard to any point & between 
a and b. Either (1) & lies to the left of some point a, of some 
sequence or (ii) it does not. We divide the points & into two 
classes Z and & according as to whether (1) or (ii) is true. The 
class ZL certainly exists, since all points of the interval (a, a,) 
belong to Z. We shall now prove that R does not exist, so that 
every point & belongs to L. 


If R exists then Z lies entirely to the left of R, and the classes 
L, R form a section of the real numbers between a and. b, to 
which corresponds a number &. The point &, lies inside an interval 
of I, say (é’, ”), and & belongs to L, and so lies to the left of 
some term a, of some sequence. But then we can take (&, &”) 
as the interval (ay’, @n4;) associated with a, in our construction 
of the sequence 4, de, a3, ...; and all points to the left of &” 
lie to the left of ay4,. There are therefore points of L to the 
right of &, and this contradicts the definition of R. It is 
therefore impossible that R should exist. 
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Thus every point & belongs to Z. Now b is the right-hand 
end point of an interval of J, say (},, b), and b, belongs to L. 
Hence there is a member a, of a sequence a, dy, ds, ... such that 
dn, >6,. But then we may take the interval (an’, an4;) corre- 
sponding to a, to be (6,, b), and so we obtain a sequence in which 
the term after the nth coincides with b, and therefore a finite set 
of intervals having the properties required. Thus the theorem is 
proved. 


It is instructive to consider the examples of p. 186 in the light of this 
theorem. 


(i) Here the conditions of the theorem are not satisfied the points 
1/n, 2/n, 3/n, ... do not lie inside any interval of J 


(ii) Here the conditions of the theorem are satisfied. The sct of 


intervals 
(0, 2e), (e, Be), (Ze, 4e}, .... (1 Be, 1), 


associated with the points ¢, 2e, 3e, ..., 1—«, possesses the properties re- 
quired. 


(ili) In this case we can prove, by using the theorem, that there are, 
if e is small enough, points of (0, 1) which do not lie in any interval of J. 


If every point of (0, 1) lay inside an interval of Z (with the obvious 


reservation as to the end points), then we could find a finite number of intervals —— 


of I possessing the same property and having therefore a total length greater 
than 1. Now there are( two intervalsjof total length 2e, for which g=1, and 
g-1 intervals, of total jeden ‘2e(q—1)/q3, associated with any other value 
of g. The sum of any finite number of intervals of Z can therefore not be 
greater than 2e times that of the scries 


oe rr ee +3 +. 


which will be shown to be convergent in Ch. VIII. Henge it follows that, if 
e is small enough, the supposition that every point of (0, 1) les inside an 
interval of J leads to a contradiction. | 


The reader may be temptéd to think that this proof is needlessly 
elaborate, and that the existence of points of the interval, not in any interval 
of J, follows at once from the fact that the sum of all these intervals is less 
than 1. But the theorem to which he would be appealing is (when the set of 
intervals is infinite) far from obvious, and can only be proved rigorously by 
some such use of the Heine-Borel Theorem as is made in the text. 


106. We shall now apply the Heine-Borel Theorem to the 
proof of two important theorems concerning the oscillation of a 
continuous function. 


o 
\ 


4s 


| 
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THeorEM I. Jf ¢$(#) is continuous throughout the interval 
(a, b), then we can divide (a, b) into a_finite number of sub-intervals 
(a, @,), (4, £2), ... (@pn, 6), in each of which the oscillation of (x) is 
less than an assigned positive number 6. 


/} 


Let & be any number between a and 6. Since ¢(#) is con- 
tinuous for #= &, we can determine an interval (€ —e, & + e) such 
that the oscillation of @(#) in this interval is less than 6. It is 
indeed obvious that there are an infinity of such intervals corre- 
sponding to every £ and every 6, for if the condition is satisfied for 
any particular value of e, then it is satisfied a fortiort for any smaller 
value. What values of ¢ are admissible will naturally depend upon 
£; we have at present no reason for supposing that a value of « 
admissible for one value of & will be admissible for another. We 
shall call the intervals thus associated with £ the 8-intervuls of & 


If =a then we can determine an interval (a, a+), and so an 
infinity of such intervals, having the same property. These we 
call the 6-intervals of a, and we can define in a similar manner the 
6-intervals of b. . 


Consider now the set J of intcrvals formed by taking all the 
§-intervals of all points of (a, b). It is plain that this set satisfies 
the conditions of the Heine-Borel Theorem; every point interior 
to the interval is interior to at least one interval of J, and a and b 
are end* points of at least one such interval. We can therefore 
determine a set I’ which is formed by a finite number of intervals ~ 
of I, and which possesses the same property as J itself. 


The intervals which compose the set J’ will in general overlap 4 . 
as in Fig. 34. But their end | 
points obviously ~ divide | up 
(a, b) into a finite e set ‘of in- 
tervals I” each | of which is 
ingluded in an interval of J’, and in each of which the oscillation 
of $(«) is less than 6. Thus Theorem I is proved. 


b 


Fig. 34. 


THEOREM II. Given any positive number 6, we can find a 
number n such that, if the interval (a, b) 1s dimded in any manner = 
into sub-intervals of length less than n, then the oscillution ee o 
in euch of them will be less than 6. ue ne 
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Take 6, < 46, and construct, as in Theorem I, a finite set of sub- 
intervals 7 in each of which the oscillation of (x) is less than 8,. 
Let 7 be the length of the least of these sub-intervals j. If 
now we divide (a, b) into parts each of length less than 7, then any 
such part must he entirely within at most two successive sub- 
intervals 7. Hence, in virtue of (8) of § 108, the oscillation of d (2), 
in one of the parts of length less than 7,cannot exceed twice the 
greatest oscillation of ¢(«) in a sub-interva] 7, and is therefore 
less than 26,, and therefore than 6. 


This theorem is of fundamental importance in the theory of 
definite integrals (Ch. VII). It is impossible, without the use of 
this or some similar theorem, to prove that a function continuous 
throughout an interval necessarily possesses an integral over that 
areal. 


107. Continuous functions of several variables. The 
notions of continuity and discontinuity may be extended to 
functions of several independent variables (Ch. II, §§ 31 e¢ seq.). 
Their application to such functions, however, raises questions 
much more complicated and difficult than those which we have 
considered in this chapter. It would be impossible for us to 
discuss these questions in any detail here; but we shall, in the 
sequel, require to know what 1s meant by a continuous function of 
two variables, and we accordingly give the following definition. 
It is a straightforward generalisation of the last form of the de- 
finition of § 98, 


The function $(a, y) of the two variables « and y is said to be 
continuous for «= &, y=n tf, given any poeere number 6, how- 
ever small, we can choose € (8) so that “f 


Id (%, y)- bE, 0)|<8 
when 0 =|a2—&|s (8) and 0S|y—n|se(8); that is to say if we 
candruw asquare, whose sides are parallel to the axes of coordinates 
and of length 2¢ (8), whose centre is the point (E, n), and which is such 
that the value of h(a, y) at any point inside it or on tts boundury 
differs from o (&, 7) by less than 8.* 


This definition of course presupposes that ¢ (a, y) is defined at 
all points of the square in question, and in particular at the point 


* The reader should draw a figure to illustrate the definition. 


106-108] CONTINUOUS AND DISCONTINUOUS FUNCTIONS 191 


(&,m). Another method of stating the definition is this: ¢ (a, y) is 
continuous for 2=§, y=n if >(a,y)>o(E,n) when a>€, yn 
in any manner. This statement is apparently simpler; but it 
contains phrases the precise meaning of which has not yet been 
explained and can only be explained by the help of inequalities 
like those which occur in our original statement. 


‘It is easy to prove that the sums, the products, and in general 
the quotients of continuous functions of two variables are them- 
selves continuous. A polynomial in two variables is continuous for 
all values of the variables; and the ordinary functions of x and y 
which occur in every-day analysis are generally continuous, 7. 
are continuous except for pairs of values of # and y connected by 
special relations. 


The reader should observe carefully that to assert the continuity of 
@ (#, y) with respect to the two variables x and y is to assert much more 
than its continuity with respect to each variable considered separately. It is 
plain that if p (x, y) is continuous with respect to x and y then it is certainly 
continuous with respect to # (or y) when any fixed value is assigned to. y 
(or v). But the converse is by no means true. Suppose, for example, that 
oe) x 
p(t, yt \} 
when neither wv nor y is zero, and ¢ (x, y)=0 when either x or y is zero. Then 
if y has any fixed value, zero or not, @ (x,y) is a continuous function of 2, 
and in particular continuous for <=0; for its value when x=0 is zero, and it 
tends to the limit zero as x>0. In the same way it may be shown that 
$ (x, y) is acontinuous function of y. But ¢ (a, y) is not a continuous function 
of «and y for x=0, y=0. Its value when 2=0, y=0 is zero; but ul xz and 
y tend to zero along the str aight line y=az, then 


2a ; 2a . 
Py) lim @ (2, a ienea \\V '€ 


which may have any value between —1 and 1. 1) 


e 


108. Implicit functions. We have already, in Ch. II, met with 
the idea of an zmplicit function. Thus, if « and y are connected by the 
relation 

2) 2) 0) Ser Gy; 
then y is an ‘implicit function’ of x. 


But it is far from obvious that such an equation as this does really define 
a | Soc tS or several such functions. In Ch. II we were content to 
take this for granted. We are now in a position to consider whether the 


assumption we made then was justified. 


X 


—" 
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We shall find the following terminology useful. Suppose that it is possible 
to surround a point (a, 6), as in § 107, with a square throughout which 
a certain condition is satisfied. We shall call such a square a neighbourhood 
of (a, 6), and say that the condition iu question is satisfied in the neighbour- 
hood of (a, b), or near (a, b), meaning by this simply that it is possible to find 
some square throughout which the condition is satisfied. It is obvious that 
similar language may be used when we are dealing with a single variable, the 
square being replaced by an interval on a line. 


THEOREM. Jf (i) f(a, y) is @ continuous function of « and y in the 
neighbourhood of (a, b), 


(il) Ia b)=0, 

(ili) f(a, y) ts, for all values of x in the neighbourhood of a, a steadily 
increasing function of ys in the stricter sense of § 95, t( Kw \ < \(x 4") phen 

then (1) there 1s a unique function y=¢ (x) which, when substituted in the 


equation f (x, y)=0, satisfies tt identically for all values of x in the neighbour- 
hood of a, 


(2) @ (z) is continuous for all values of x in the neighbourhood of a. 


In the figure the square represents a ‘neighbourhood’ of (a, b) through- 
out which the conditions (i) and (iii) are 
satisfied, and P the point (a, b). If we 
take @ and Z# as in the figure, it follows from 
(iii) that f(a, y) is positive at Q and negative 
at /?. This being so, and f(x, y) being con- 
tinuous at Q and at /, we can draw lines QQ’ 
and /’/’ parallel to OX, so that 2’@’ is parallel 
to OY and f(x, y) 1s positive at all points of 
QQ and negative at all points of RA’. In par- 
ae Ft (2, y) Is positive at QY’ and negative at 

’, and therefore, in virtue of (iii) and § 100, 
om tes once and only once at a point Pon 
h’(@!. The same construction gives us a unique point at which f(z, y)= 
on each ordinate between RY and #’Q’. It is obvious, moreover, that the 
same construction can be carried out to the left of RQ. The aggregate of 
points such as P’ gives us the graph of the required function y=¢ (2). 


It remains to prove that ¢ (x) is continuous. This is most simply effected 
by using the idea of the ‘limits of indetermination ’ of (2) as ra (§ 96). 
Suppose that z-»a, and let A and A be the limits of indetermination of -¢ (2) 
as va. It is evident that the points (a, A) and (a, A) lie on Q2. Moreover, 
we can find a sequence of values of x such that ¢ (v)—>A when «>a through 
the values of the sequence; and since f {v, @(%)}=0, and f(2,y) is a con- 
tinuous function of # and y, we have 


J (@, A)=0. 
Hence A=; and similarly A=b. Thus @ (#) tends to the limit 6 as ra, 
and so ¢$(v) is continuous for a=a. It is evident that we can show in 
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exactly the same way that @() is continuous for any value of z in the 
neighbourhood of a. 

“It is clear that the truth of the theorem would not be affected if we were 
to change ‘increasing’ to ‘decreasing’ in condition (iii). 

As an example, let us consider the equation (1), taking a=0, b=0. It is 
evident that the conditions (i) and (ii) are satisfied. Moreover 

I N-F(HYNAY-YYtPY +¥¥? +yyp+y*—#-1) 

has, when 2, y, and y’ are sufficiently small, the sign opposite to that of 
y—y. Hence condition (iii) (with ‘decreasing’ for ‘increasing’) is satisfied. 
It follows that there is one and only one continuous function y which 
satisfies the equation (1) identically and vanishes with 2. , 

The same conclusion would follow if the equation were 


y— xy —y -47=0. Wr. () oN = Ma € 4 


The function in question is in this case 

y= (ltae-J/(1+60+2%)}, 
where the square root is positive. The second root, in which the sign of the 
square root is changed, does not satisfy the condition of vanishing with 2. 


There is one point in the proof which the reader should be careful to ob- 
serve. We supposed that the hypotheses of the theorem were satisfied ‘ Sin 
the 1 neighbourhood of (a, 6)’, that is to say throughout a certain square 
§-eS"S§+6,n-eSySnte. Theconclusion holds ‘in the neighbourhood 
of =a’, that isto say throughout a certain interval é-e,s.4<£+¢,. There 
is nothing to show that the ¢ of the conclusion 1 is 8 the € of the hypotheses, and 
indeed this is generally untrue. 


eee i 


109. Inverse Functions. Suppose in Letine that f (#, y) 18 of the 
form #'(y)—a. We then obtain the following theorem. 


Tf F(y) is a function of y, continuous and steadily increasing (or decreasing), 
"in the stricter sense of S 95, en the neighbourhood of y=b, and F'(b)=a, then 
there is a unique continuous function y= (x) which is equal to b when a=a 
and satisfies the equation F' (y)=-x identically in the neiyhbourhood of «=a. 


The function thus defined is called the inverse function of F'(y). 


Suppose for example that y3=,a=0, b=0. Then all the conditions of 
the theorem are satisfied, The inverse function is a= d/y. 


If we had supposed that y?=.w then the conditions of the theorem would 
not have been satisfied, for y? is not a steadily increasing function of y in any 
interval which includes y=0: it decreases when y is ucgative and increases 
when y is positive. And in this case the conclusion of the theorem does not 
hold, for y?= x defines two functions of x, viz. y= J/xv and y= —,/x, both of 
which vanish when «=0, and each of which is defined only for positive values 
of #, so that the equation has sometimes two solutions and sometimes none. 
The reader should consider the more general equations 


— ard 
y= 2, on lay, 


H. a (\ 13 
—S 
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in the same way. Another interesting example is given by the equation 
ye —y—x=0, 
already considered in Ex. xtv. 7. 
Similarly the equation siny=x 
has just one solution which vanishes with «, viz. the value of are sin x which 


vanishes with # There are of course an infinity of solutions, given by the 
other values of arc sin x (cf. Ex. xv. 10), which do not satisfy this condition. 


So far we have considered only what happens in the neighbourhood of a 
particular value of z. Let us suppose now that /'(y) is positive and steadily 
increasing (or decreasing) throughout an interval (a, 6). Given any point & 
of (a, b), we can determine an interval 7 including &, and a unique and con- 
tinuous inverse function ¢;(#) defined throughout 7. 


From the set J of intervals 7 we can, in virtue of the Heine-Borel Theorem, 
pick out a finite sub-set covering up the whole interval (a, b); and it is plain 
that the finite set of functions ¢; (.r), corresponding to the sub-set of intervals z 
thus selected, define together a unique inverse function (x) continuous 
throughout (a, b). 


We thus obtain the theorem: if v=F'(y), where F'(y) is continuous and 
increases steadily and strictly from A to B as x increases from a to b, then there 
is a unique inverse function y= (x) which is continuous and increases steadily 
and strictly from a to b as x increases from A to B. 

It is worth while to show how this theorem can be obtained directly with- 
out the help of the more difficult theorem of § 108. Suppose that A <é< B, 
and consider the class of values of y such that (i) a<y<6 and (ii) F(y) S&. 
This class has an upper bound y, and plainly (7) S& If (ny) were less 
than £, we could find a value of y such that y>7 and F'(y) < &, and » would 
not be the upper bound of the class considered. Hence F'(n)=€ The 
equation F'(y)=& has therefore a unique solution y=y=¢(§), say; and 
plainly 7 increases steadily and continuously with £, which proves the theorem. 


MISCELLANEOUS EXAMPLES ON CHAPTER Y. 


1. Skow that, if neither a nor 6 is zero, then 
ax” +ba®-14+...+¢-h=an" (1+ ez), 
where e, is of the first order of smallness when z is large. 

2 If P(«#)=ax"+ bam-14,..44, and a is not zero, then as x increases 
P(«) has ultimately the sign of a; and so has P(xv+A)—P(x), where d is 
any constant. 

3. Show that in general 

(aa™ + ba®—+,..4k)/(Aat+ Bar) +...4+K)=a+(B/x) (1+ ez), 
where Peco ie B=(bA —aB)/ A’, and e, is of the first order of smallness when 
«is large. Indicate any exceptional cases. 
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4. Express (ax* + ba +c)/(Az? + Bu+C) 
in the form a+(B/x) + (y/a?) (1 +.,), 
where e¢, is of the first order of smallness when x is large. 
5. Show that lim J/2{J/(e+a)—/x} =a. 
1 w 


[Use the formula //(a+ a)—J/r=al{/(e+a)+/2}.] 


6. Show that /(7+a)=,/2+4(a/,/2) (1 +e,), where €, 18 of the first order 
of smallness when z is large. 


7. Find values of a and 8 such that J (ax? + 2be+c) -ax~-B has the limit 
zero as Yo ; and prove that lim x {/(ax? + 2bx +c) —av—B} = (ac — b?)/2a. 


8. Evaluate lim x {/[2?+/(2++1)]- 2x /2}. 
Te 2 


9. Prove that (sec a’—tan7)>0 as v»4r. 


10. Prove that $ (x)=1—cos(1—cos x) is of the fourth order of smallness 
when « is small ; and find the limit of @ (x)/z* as x0. 


11. Prove that $ (#) =.wsin (sin x) ~ sin? x is of the sixth order of smallness 
when « is small ; and find the limit of (x) /28 as x0. 


12. From a point P on a radius OA of a circle, produced beyond the circle, 
a tangent PT is drawn to the circle, touching it in T, and TN is drawn per- 
pendicular to OA. Show that YA/AP—~1 as P moves up to A. 


13. Tangents are drawn to a circular are at its middle point and its 
extremities; A is the area of the triangle formed by the chord of the arc and 
the two tangents at the extremities, and A’ the area of that formed by the 
three tangents. Show that A/A’>4 as the length of the arc tends to zero. 


14, For what values of a does {a+sin (1/x)}/a tend to (1) ©, (2) —a, 
ari OY (Tole it a>, to -@ if a<—1: the function oscillates if 
=laes!.] 


15. If @(@)=1/¢ when x=p/g, and ¢(«)=0 when x is irrational, then 
¢ (x) is continuous for all irrational and discontinuous for all rational values 
of x. 


16. Show that the function whose graph is drawn in Fig. 32 may be repre- 

sented by either of the formulae 
l-a#+[2]-[1-2], 1-a2- lim (cos™*+1qy)__ 
Y (oer all? 2) 

17. Show that the function $ (x) which is equal to 0 when v=0, to 4-2 
when O<a<}$, to 4 when r=}, to 3-—x when $<a#<1, and to 1 when 
“=1, assumes every value between 0 and 1 once and once only as x increases 
from 0 to 1, but is discontinuous for 2=0, “2=%4, and w=1. Show also that 
the function may be represented by the formula 


$—x2+4([2x]-4[1 — 22°). 


t 


| 
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P along the curve from either side. We have now to distinguish 
two cases, a general case and an exceptional one. 
feo ea, 


The general case is that in which yf is not equal to 47, so that 
PT is not parallel to OY. In this case RPQ tends to the lmit 
vy, and 

RQ/PR= tan RPQ 
tends to the limit tan yr. Now 
RQ/PR=(NQ—MP)/MN = {9 (2 +h)- $ @)}/h3 


ple th)— (2) _ 
h 


and so lim 
h->0O 


The reader should be careful to note that in all these equa- 
tions all lengths are regarded as affected with the proper sign, 
so that (eg.) RQ is negative in the figure when Q lies to the left 
of P; and that the convergence to the limit is unaffected by the 
sign of h. Age a a 7 


Thus the assumption that the curve which is the graph of 
@ (x) has a tangent at P, which is not perpendicular to the axis of 
x, implies that ¢ (a) has, for the particular value of # corresponding 
to P, the property that {6 (a +h) — $(a)}/h tends to a lumit when 
h tends to zero. | 


This of course implies that both of 
{p(a@th)—(e)jlh, {h(e-h)-$ (@)j-A) 


tend to limits when +0 by positive values only, and that the two limits 
are equal. If these limits exist but are not equal, then the curve y=¢ (2) 


has an angle at the particular point considered, as in Fig. 37. 


Now let us suppose that the curve has (like the circle or 
ellipse) a tangent at every point of its length, or at any rate every 
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portion of its length which corresponds to a certain range of 
variation of w Further let us suppose this tangent never per- 
pendicular to the axis of w: in the case of a circle this would of 
course restrict us to considering an arc less than a semicircle. 
Then an equation such as (1) holds for all values of 2 which fall 
inside this range. To each such value of # corresponds a value of 
tanyr: tan is a function of #, which is defined for all values of 
« in the range of values under consideration, and which may be 
calculated or derived from the original function ¢(#). We shall 
call this function the derivative or derived function of ¢ (a), and 
we shall denote it by 
$' (2). 


Another name for the derived function of ¢ («) is the differ- 
ential coefficient of (x); and the operation of calculating 
d’ (x) from (x) is generally known as differentiation, This 
terminology is firmly established for historical reasons: see 
§ 115. 


Before we proceed to consider the special case mentioned 
above, in which = 47, we shall illustrate our definition by some 
general remarks and particular illustrations. 


111. Some general remarks. (1) The existence of a derived 
function ¢’ (x) for all values of # in the interval a = x S b implies 
that $ (x) is continuous at every point of this interval. For it is 
evident that Pe ae <7 (x)} as cannot tend to a limit unless 


by continuity, 

(2) It is natural to ask whether the converse is true, we. 
whether every continuous curve has a 
definite tangent at every point, and 
every function a differential coefficient 
for every value of # for which it is 
continuous.* The answer is obviously 
No: it is sufficient to consider the 
curve formed by two straight lines Fig. 37. 
meeting to form an angle (Fig. 37). 


* We leave out of account the exceptional case (which we have still to examine) 
in which the curve is supposed to have a tangent perpendicular to OX: apart from 
this possibility the two forms of the question stated above are equivalent. 


fo 
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The reader will see at once that in this case {pf (a +h) —$(a)}/h 
has the limit tan 8 when h+0 by positive values and the limit 
tan a when h +0 by negative values. 


This is of course a case in which a curve might reasonably be said to have 
two directions at a point. But the following example, although a little more 
difficult, shows conclusively that there are cases in which a continuous curve 
cannot be said to have either one direction or several directions at one of its 
points. Draw the graph (Fig. 14, p. 53) of the function zsin (1/#). “The 
function is not defined for #=0, and so is discontinuous for #=0. On 
the other hand the function defined by the equations 


¢ (a)=xsin (1/z) («+0), o(4)=0 (#=0) 
is continuous for +=0 (Exs. xxxvil. 14, 15), and the graph of this function 
is a continuous cur've. 


But ¢(z) has no derivative for c=0. For ¢’ (0) would be, by definition, 
lim { (2) — d (0)}/A or lim sin (1/A) ; and no such limit exists. 


It has even been shown that a function of # may be continuous and yet 
have no derivative for any value of x, but the proof of this is much more 
difficult. The reader who is interested in the question may be referred to 
Bromwich’s Jnfinite Series, pp. 490-1, or Hobson’s Theory of Functions 
of a Real Variable, pp. 620-5. 


(8) The notion of a derivative or differential coefficient was 
suggested to us by geometrical considerations. But there is 
nothing geometrical in the notion itself. The derivative d’ (x) of 
a function $(#) may be defined, without any reference to any kind 
of geometrical representation of ¢ (x), by the equation 


$' (x) = lim eer aoe). 


h~>o 


and (a) has or has not a derivative, for any particular value of 2, 


| according as this limit does or does not exist. The geometry of 


curves is merely one of many departments of mathematics in which 
the idea of a derivative finds an application. 


Another important application is in dynamics. Suppose that a particle is 
moving in astraight line in such a way that at time ¢ its distance from a fixed 
point on the line is s=q (¢). Then the ‘velocity of the particle at time 2’ is 


by definition the limit of 
p (t+h) - > (2) 
h 


as h->0. The notion of ‘velocity’ is in fact merely a special case of that of 
the derivative of a function, 
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Examples XXXIX. 1. If ¢(z) is a constant then ¢’(#)=0. Interpret 
this result geometrically. 


2. If d(#)=axv+b then ¢’(c)=a. Prove this (1) from the formal de- 
finition and (ii) by geometrical considerations. 

3. If ¢()=2™, where m is a positive integer, then ¢' ()=ma™-}, 

[For (x) =lim a 
m (m—-1) 

1.2 

The reader should observe that this method cannot be applied to «/, 
where p/q is a rational fraction, as we have no means of expressing (x + )P/4 
as a finite series of powers of 4. We shall show later on (§ 118) that the result 
of this example holds for all rational values of m. Meanwhile the reader 
will find it instructive to determine ¢’ (v) when m has some special fractional 
value (e.g. 4), by means of some special device. ] 


4. If d()=sina, then ¢'(z)=cosx; and if o(x%)=cossz, then 
q’ (#) = - sin 2. 


=lim {rmam—1-4 onthe} : 


[For example, if ¢ (v)=sin x, we have 


{p (w+) — > (#)}/h= {Asin fh cos (w+ $h)}/h, 
the limit of which, when 4-0, is cos 4, since lim cos (v+4h)=cos x (the cosine 
being a continuous function) and lim {(sin $2)/4A}=1 (Ex. xxxvi. 13).] 


5. Equations of the tangent and normal to a curve y=¢(z). The 
tangent to the curve at the point (%, yp) is the line through (2, ¥) which 
makes with OY an angle w, where tan ~=q@'(%). Its equation is therefore 

¥ — You (x — Lo) P' (Xo) ; 
and the equation of the normal (the perpendicular to the tangent at the 
point of contact) is 

(Y — Yo) P' (%) + ¥ — Hy =0. 
We have assumed that the tangent is not parallel to the axis of y In 
this special case it is obvious that the tangent and normal are v=.) and 
y=Yo respectively. 

6. Write down the equations of the tangent and normal at any point of 


the parabola 2?=4ay. Show that if a=2a/m, y=a/m?, then the tangent 
at (%, Yo) is c=my+(a/m). 


112. We have seen that if ¢(#) is not continuous for a value 
of « then it cannot possibly have a derivative for that value of z. 
Thus such functions as 1/# or sin (1/x), which are not defined for 
2=Q0, and so necessarily discontinuous for «=0, cannot have 
derivatives for c=0. Or again the function [2], which is discon- 
tinuous for every integral value of «, has no derivative for any 
such value of a. 
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Example. Since [x] is constant between every two integral values of x, 
its derivative, whenever it exists, has the value zero. Thus the deriva- 
tive of [z], which we may represent by [z], is a function equal to zero for 
all values of 2 save integral values and undefined for integral values. It 


is interesting to note that the function Yee 


has exactly the same 
properties. 


We saw also in Ex. xxxvul. 7 that the types of discontinuity 
which occur most commonly, when we are dealing with the very 
simplest and most obvious kinds of functions, such as polynomials 
or rational or trigonometrical functions, are associated with a 
relation of the type 


$ (0) ~ +2 


or @(#)--—«. In all these cases, as in such cases as those con- 
sidered above, there is no derivative for certain special values of a. 


Fig. 38, 


ty 7 \ \ cp \ r 
( C\eanee ‘Ve AP ey) Ot , 
=) L U 4 ( Cy 


_'| In fact, as was pointed out in § 111, (1), all discontinuities of p(x) are 


| also discontinuities of o' (x). But the converse is not true, as we 
may easily see if we return to the geometrical point of view of §110 
_ and consider the special case, hitherto left aside, in which the graph 
of ¢ (x) has a tangent parallel to OY. This case may be subdivided 
into a number of cases, of which the most typical are shown in 
Fig. 88. In cases (c) and (d) the function is two valued on one side 
of P and not defined on the other. In such cases we may consider 
the two sets of values of (x), which occur on one side of P or the 
other, as defining distinct functions ¢,(#) and ¢,(«), the upper 
part of the curve corresponding to @¢, (2). 
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The reader will easily convince himself that in (a) 
{p(e+h)—$@)}/h~+o, 
as h >0, and in (b) © 
{bd (@+h)—b@)/h>—- @ 5 
while in (c) 
[fi(w@+h)—¢,(a)\/h>+0, {b2(@+h)— $.(a)\/h>-@ » 
and in (d) 
{p.(v+h)—g,(a)}/h>—0, {ho(@+h)— $2 (a)}/h>+ 0, 
though of course in (c) only_ positive and in (d) only negative 


values of i can be considered, a a fact which by itself would preclude (: 
the existence of a derivative. ‘ \} 


We can obtain examples of these four cases by considering the 
functions defined by the equations 


4 4 (a) y= a, (6) y= —&, (c) y’ =o, (d) y=—a, 


the special value of # under consideration being x = 0. 


113. Some general rules for differentiation. Through- 
out the theorems which follow we assume that the functions 
f(«) and F(x) have derivatives /” (2) and F’(x) for the values of 
x considered. 


(1) If d(x)=f(«)+F (a), then (a) has a derivative 
$ (2) =f (a) + Fo), 
(2) Lf $ (a) = kf (a), where k is a constant, then ¢$ (a) has a 


derivative 
p (x) = kf'(a). 
We leave it as an exercise to the reader to deduce these results 
from the general theorems stated in Ex. xxxv. 1. het 


(38) If $(@) =f («) F(a), then (a) has a derivative 
b' (x) = f(x) F’ (x) +f’ (x) F(a). 
For ¢(«#)= fin Gee) Fae onto) o BAAN y tHE, 
=lim | flo+h) PEtH-FO , paler) =L) 


=f (a) F(a) + F(a) f'(2). 


sah . f *) 
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(4) Ifd(e)= 7 i at then (x) has a derivative 


£0). 
OO) =— Tray 


In this theorem we of course suppose that f(x) is not equal to 
zero for the particular value of # under consideration. Then 


way etm f@-f@+D)_— £'@ 
| ergs Gomer” Fe) 


(5) If d(@)= i , then (a) has a derivative ~V : : * ( 
gy LOE) -fO)F(). SS rr 
p (#) 
This follows at once from (8) and (4). g's 
(6) If d(a)=F{f(a)}, then ¢ (a) has a derivative 7 ¥+3 ‘ap 
$' (x) = F'{ f (x)} f'(@). 


For let S(a=y, f@rthy=yth. Bu. AALS | iv 
Then k>0 as h+0, and k/h—f’(#). And 
$i (a) nin ELL I~ FO) : k 
F ad ) k 
lim | (y =F x timn (7) 
=F" (y) f (@). 


‘This theorem includes (2) and (4) as special cases, as we see on 
taking F'(#)=ka or F(#)=1/2. Another interesting special case 
is that in which f(#)=ax+b: the theorem then shows that the 
derivative of F' (ax + b) is aF” (ax + b). a 

Our last theorem requires a few words of preliminary explana- 
tion. Suppose that = y(y), where W(y) is continuous and 
steadily increasing (or decreasing), in the stricter sense of § 95, in 
a certain interval of values of y. Then we may write y= ¢(#), 
where ¢ is the ‘inverse’ function (§ 109) of w. 


(7) If y=¢(a), where > is the inverse function of , so that 
a=wW(y), and W(y) has a derivative y' (y) which ts not equal to 
zero, then $ (x) has a derivative 


DO ce 
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For if p(a@thy=yt+k, then k +0 as h0, and 


. “ h) — (a) (y+k)— 1 
‘(¢)= Tim a he) ee oe 
ig nao (@+h)—@ .. orca e@) v (y)’ 
The last function may now be expressed in terms of a by means 
of the relation y = ¢ (x), so that $’(«) is the reciprocal of ~’ {¢ (a)}. 
This theorem enables us to differentiate any function if we know 
the derivative of the inverse function. 


114. Derivatives of complex functions. So far we have 
supposed that y=@(a) is a purely real function of 2 IRPfyisa 
complex function ¢ (x) + iy (x), then we define the derivative of y 
as being $'(#)+7i' (x). The reader will have no difficulty in 
seeing that Theorems (1)—(5) above retain their validity when 
d(x) is complex. Theorems (6) and (7) have also analogues for 
complex functions, but these depend upon the general notion of 
a ‘function of a complex variable’, a notion which we have en- 
countered at present only in a few particular cases. 


115. The notation of the differential calculus. We have 
already explained that what we call a derivative is often called a 
differential coefficient. Not only a different name but a different 
notation is often used; the derivative of the function y=¢(#) 
is often denoted by one or other of the expressions _ 
dy 
da 
Of these the last is the most usual and convenient: the reader 
must however be careful to remember that dy/dx does not mean 

‘a certain number dy divided by another number dx’: it means 
‘the result of a certain operation D, or d/dz applied to y= ¢ (a)’, 


the operation being that of forming the quotient fe) cn + a d @); /h 
and making h—0. 


DEY 


Of course a notation at first sight so peculiar would not have been 
adopted without some reason, and the reason was as follows. The denomi- 
nator / of the fraction {f (v+h)— ¢ (x)}/h is the difference of the values x+A, 
x of the independent variable x ; similarly the numerator is the difference of 
the corresponding values ¢ (x+4A), (x) of the dependent variable y. These 
differences may be called the increments of « and y respectively, and denoted 
by dx and dy. Then the fraction is dy/8x, and it is for many purposes 
convenient to denote the limit of the fraction, which is the same thing as 


rr 
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$' (2), by dylde. 
| purely symbolical. 
and standing by themselves they would mean nothing : 
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But this notation must for the present be regarded as 
The dy and dx which occur in it cannot be separated, 
in particular dy and 


‘ dx do not mean lim $y and lim 6z, these limits being simply equal to zero. 

The reader will have to become familiar with this notation, but so long as it 
puzzles him he will be wise to avoid it by writing the differential coefficient in 
the form D,y, or using the notation ¢ (x), ¢’(z), as we have done in the. 


preceding sections of this chapter. 
 # 


7 In Ch. VII, however, we shall show how it is possible to define the symbols 
dz and dy in such a way that they have an independent meaning and that 


the derivative dy/dx is actually their quotient. 


The theorems of § 113 may of course at once be translated into 


this notation. They may be stated as follows: 


, = dy _ dy, Aya 
(1) fy=yt+y then =a +e? 
Vo dy _,dy,. 
. d : d : 
(8) tfy=YYy%, then = et ye; 
= dy 1 dy. 
(4) ify=-—, then gare 
A ees dy _ dy aL ; 
(5) me then ae =( Sa ae /ye3 
(6) ifyisa function of «, and za function of y, then 
2 ee. 
dx dy dz’ 


a 


(7) : 


Examples XL. 1. If y=y,yoy3 then 


d d 
4 dn 9298 Ges FY Gg tN ae 
é 
and if y=%1Y2...Yn then 
d n d 
a 2 Yao Yet Yes do In Ge 


In particular, if y=2", then dy/dx=nz—!(dz/dx); and if 
dy/dx=na"—', as was proved otherwise in Ex. XXXIx. 3. 


y=a", then 
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2. If y=... Yn then 
ee oe Wo 


ydu yy, dG ¥y¥, at" yy ax’ 


- rte lt ldy ndz 
In particular, if y=z", then re 


116. Standard forms. We shall now investigate more 
systematically the forms of the derivatives of a few of the 
simplest types of functions. 


A. Polynomials. If ¢(x)=a.a" + a,a"?+ ...+n, then 


f’ (&) = naa” + (n— 1) aya"? + 0. + Any. 


It is sometimes more convenient to use for the standard form of a 
polynomial of degree n in « what is known as the binomial form, 
V1Z. 


Aya + (7) Qa" 4+ 6 Aye? + 20. + An. 


In this case 


d (z)=n {ean wr :) Q, e724 (" a | dgorrt +... + ani} : 
2 ° 
The binomial form of ¢ (x) is often written symbolically as 
(Qo, My, OOF) An Qa, Lge 
and then GI DVI (Mo, Ary «005 Gn 0%, LY, 
We shall see later that @() can always be expressed as the 
product of factors in the form 
d (&) = Ay (% — %) (7 — A) ... (@ — Ay), 
where the a’s are real or complex numbers. Then 
h' (x) = a, = ( — a) (@ — Gs) ... (@— An), 
the notation implying that we form all possible products of n —1 
factors, and add them all together. This form of the result holds 
even if several of the numbers a are equal; but of course then 
some of the terms on the right-hand side are repeated. The 
‘reader will easily verify that if 
dh (#) = Ay (@ — a, )™ (4 — a)™ ... (@ — a), 


then fh’ (a) = Ay XM, (@ — )™7 (@ — ay)™ «2. (@ — a, )™. 
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Examples XLI. 1. Show that if g(x) is a polynomial then @¢’ (x) is 
the coefficient of # in the expansion of ¢ («+A) in powers of h. 


2. If (x) is divisible by (v—a)*, then q’ (x) is divisible by w—a: and 
generally, if @ (z) is divisible by (v—a)™, then ¢’ (x) is divisible by (v-a)"~1. 

3. Conversely, if d(x) and ¢’ (x) are both divisible by x—a, then ¢ (2) is 
divisible by (c—a)?; and if ¢ (2) is divisible by e—a and q’ (#) by (v7—a)"-}, 
then ¢ (x) is divisible by (a#-a)™. 

4, Show how to determine as completely as possible the multiple roots 
of P(x)=0, where P(x) is a polynomial, with their degrees of multiplicity, 
by means of the elementary algebraical operations, 


: [If H, is the highest common factor of P and J”, H2 the highest common 
factor of H, and P’, H; that of H, and P’”, and so on, then the roots of 
H,H;/H.2=0 are the double roots of P=0, the roots of Hz H,/H;? =0 the treble 
roots, and so on. But it may not be possible to complete the solution of 
H,H,/H?=0, H,H,/H,2=0, ..... Thus if P(#)=(%-1) (45-x2—7) then 
H, H./H2=05-a2—-7 and H, H,/H;?=x-1; and we cannot solve the first 
equation. ] 
5. Find all the roots, with their degrees of multiplicity, of 
v'+323-—322-llv-6=0, 46+225-—8x!- 1473+ 1127+ 287+12=0. 
6. If axz2+2be+e has a double root, ze. is of the form a(«¢—a)*, then 
2 (az +b) must be divisible by x-a, so that a=—b/a. This value of # must 
satisfy az?+2ba+c=0. Verify that the condition thus arrived at is 
ac — b?=0, 


7. The equation 1/(e-a)+1/(@—b)+1/(a—¢e)=0 can have a pair of 
equal roots only if a=b=e. (Math. Trip. 1905.) 
8. Show that ax +3br2 4+3cr+d=0 
has a double root if G?+4H%=0, where H=ac—b*, G=a*d — 3abe+ 26°. 
[Put av+b=y, when the equation reduces to y°+3Hy+G=0. This 
must have a root in common with 7?+ H=0.] a 
9. The reader may verify that if a, 8, y, 5 are the roots of 
ax’ + 4b23 + 6cr? + 4dx+e=0, . | 
then the equation whose roots are 
ps4 {(a—B) (y-8)—(y—a) (B— 5)}, 
and two similar expressions formed by permuting a, 8, y cyclically, is 
465— 926 — 93=0, 
where ga=ae—4bd+3c?, gs=ace + 2bed — ad? — eb? — c°, 


It is clear that if two of a, 8, y, 8 are equal then two of the roots of this cubic 
will be equal. Using the result of Ex. 8 we deduce that go°—2793’=0. 
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10. Rolle’s Theorem for polynomials. Jf $ (2) is any polynomial, 
then between any pair of roots of  ()=0 lies a root of o’ (x)=0, ys 


A general proof of this theorem, applying not only to polynomials but to 
other classes of functions, will be given later. The following is an algebraical 
proof valid for polynomials only. We suppose that a, B are two successive 
roots, repeated respectively m and n times, so that ns 

b (2) = (a — a)™ (a — B)" 8 (ex), 
where 6 (2) is a polynomial which has the same sign, say the positive sign, for 
axx<sfB. Then . ; 
P' (a) = (2 — a)” (e— 8)" 6! (xe) + (an (# —a)™—} (a — B40 (ae — a)™(e— 8)" 6 (x) 
= (e- a)"-(2~B)"-1[(@— a) (@—)O (ew) + {(m(e—B) +-n(e—a)} 4 (2)] 
=(#—a)"~1 (~~ B)"-1 F(a), | 
say. Now F'(a)=m(a—8) 6 (a) and F'(8)=n(B-a) 6(8), which have opposite 
signs. Hence F(x), and so @’ (x), vanishes for some value of « between 
a and B 


117. 3B. Rational Functions. If 
| | _? () 
| FO" Vay 
where P and Q are polynomials, it follows at once from § 113, (5) that 
| 1g) = LQ (2) — P (a) Q (a) 
nC 
and this formula enables us to write down the derivative of any 
rational function. The form in which we obtain it, however, may or 
may not be the simplest possible. It will be the simplest possible if 
(Q(z) and Q’(x) have no common factor, i.e. if Q (x) has no repeated 
factor. But if Q(x) has a repeated factor then the expression 
which we obtain for R’ (x) will be capable of further reduction. 


It is very often convenient, in differentiating’ a rational 
function, to employ the.method of partial fractions. We shall 
suppose that Q(z), as in § 116, is expressed in the form 

| Ay (@ — "(a — a)... (a = a), 
Then it is proved in treatises on Algebra* that R(x) can be 
expressed in the form 


A, 1 A, 2 A,, m, 
ENON me aa Tate “t Go@™ 
Ise Ag» A, My 
2x = Ao + (x — a, + eee + (a Pe a)" + eeertee 9 


* Sce, e.g., Chrystal’s Algebra, vol. i, pp. 151 et seq. 
i 14 
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where II (a) is a polynomial; ze. as the sum of a polynomial and 
the sum of a number of terms of the type 
_afeail 
(v— a)?’ 
where a@ is a root of Q(a)=0. We know already how to find the 
derivative of the polynomial: and it follows at once from Theorem (4) 
of § 113, or, if @ is complex, from its’extension indicated in § 114, 
that the derivative of the rational function last written is 
_ pa (a— es pA _ 
(2—ayP ~ (@— ayer 
We are now able to write down the derivative of the general 
rational function R («), in the form 
_4 A, ey. 2A, 2 = = Agr _ 2A» » 
(a2—m%)? (a@—-a) "~" (#—a%) Gay 
Incidentally we have proved that the derivative of a” is ma”, 
for all integral values of m positive or negative. 


Il’ («) - 


The method explained in this section is particularly useful 
when we have to differentiate a rational function several times 
(see Exs. XLV). 


Examples XLII. 1. Prove that 
d Gea x 1-2? d. 1-2 ce 4x 
dx \1+22 a +%)2? da \l =o (1+ a2)?" 
2. Prove that ; 


$; (fat apere)= (an +b) (Bat C)— (ba+e) (Ax+B) 
dix \Ax?+2Brc+C0 (Av?+2Ba+ C0)" 


3. If @ has a factor (vx—a)™, then the denominator of H’ (when &’ is 
reduced to ut lowest * oR is divisible by (v—a)"*! but by no higher power 


{ 4. In no case can Ae “dene ttnaky of R have a simple factor x—a. 
| Hence no rational function (such as 1/m) whose denominator contains any 
| simple factor can be the derivative of another rational function. 

j 


> 


118. C. Algebraical Functions. The results of the pre- 
ceding sections, together with Theorem (6) of § 113, enable us to 
obtain the derivative of any explicit algebraical function whatsoever. 


The most important such function is a”, where m is a rational 
number. We have seen already (§ 117) that the derivative of this 
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function is mace when m is an integer positive or negative; and 
we shall now prove that this result is true for all rational values 
of m. Suppose that y=a™=«x?%, where p and q are integers and 


q positive ; and let z=, so that # =z? and y=2?, Then 
i COC rn 
dz - (f)/ (se) - ie = sais! nt 


This result may also be deduced as a corollary from Ex, XXXVI. 
3. For, if ¢ (w) = a, we have 


ie (a) = = me —— 


= lim a 


=e. 
fap €— 2% 


It is clear that the more general formula 
fo (ax + b)™ = ma (aa +b)" 


holds also for all rational values of = 


The differentiation of implicit algebraical functions involves 
certain theoretical difficulties to which we shall return in Ch. VIL 
But there is no practical difficulty in the actual calculation of the 
derivative of such a function: the method to be adopted will be 
illustrated sufficiently by an example. Suppose that y is given by 
the equation 

a+ y — daxy = 0. 


Differentiating with respect to # we find 


dy d 
ia aa (y+ 0S!) = 0 
and so ay =— paral ; 
da yf = an 
Examples XLIII. 1. F inva the derivatives of 


lta a+b an? +2ba+e 
ef (5), ie (S*): ay) (tame) (ax +b)™ (cu +d)". 


2. Prove that 


d ant = a? aa o> |=. oe? 
da @ (a2+ @)) (a? +22)82? da | (at= af (a? = 2/83" 
3. Find the differential coefficient of y when | 
(i) aa®+2hayt+ by? +. 2gu +2fy +c=0, (ii) a +y— — baa, 2y2—0, 
14—2 
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119. D. Transcendental Functions. We have already 


> \ proved (Ex. xxx1x. 4) that 


D,sinz=cosz, D,cosx=—sing. 
By means of Theorems (4) and (5) of § 1138, the reader will 
easily verify that 
D, tan x = sec? a, D, cot # = — cosec? x, 
D,secx=tanx«secx, D,cosec «= — cot x cosec a. 
And by means of Theorem (7) we can determine the derivatives 
of the ordinary inverse trigonometrical functions. The reader 
should verify the following formulae: 
Dy, are sin £= $1//(1 — 2°), Dz are cos # = F 1//(1 — 2°), 
D, are tana =1/(1 + 2°), D, are cot #= —1/(1 + 2’), 
D, arc seca = +1/{a/(2?—-1)}, D,are cosec # = F 1/{an/(a? — 1)}. 
In the case of the inverse sine and cosecant the ambiguous sign 


is the same as that of cos(arcsin), in the case of the inverse 
cosine and secant the same as that of sin (arc cos @). 


The more general formulae 
D, are sin (a/a) = + 1//(a@— 2), D,arc tan (a/a) = a/(a@ + a°), 
which are also easily derived from Theorem (7) of § 113, are also 


of considerable importance. In the first of them the ambiguous 
sign is the same as that ofa cos {are sin (#/a)}, since 


an {1 —(a*/a*)} = + (a? — 2’) 
according as a is positive or negative. 


Finally, by means of Theorem (6) of § 118, we are enabled to 
differentiate composite functions involving symbols both of alge- 
braical and trigonometrical functionality, and so to write down 
the derivative of any such function as occurs in the following 
examples. 


Examples XLIV.* 1. Find the derivatives of 
cos", sin™z, cosz™, sina”, cos(sinz), sin (cos2), 
cos 7 sin £ 
/(a? cos? a+ 6? sin? x)’ 
xare sinv+/(1—2?), (14+) arctan /x—,/x. 


/(a? cos? 4 + b? sin? x), 


* In these examples m is a rational number and a, b, ..., a, 8, ... have such 
values that the functions which involve them are real. 
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2. Verify by differentiation that aré sin #+are cos # is constant for all 
values of x between 0 and 1, and arc tan «+arc cot x for all positive values 
of &. 


3. Find the derivatives of 
are sin /(1-—.2*), are sin (27,/(1~2?)}, arc tan ( ad ) : 


l-axr 
How do you explain the simplicity of the results ? 
4. Differentiate 
ax+b 1 axr+b 
Taco #89 Ty» Ta) eas) 


5. Show that each of the functions 


2 arc sin m/ (==), 2 arc tan vf (2-8) , are sin tana) (e-8) 


1 
V{(a- 2) w-B)} 


has the derivative 
6 Prove that 


d cos 36\) _ 3 
dé {are i cos? 3 Z cos 6 cos 36/ ° 


(Math. Trip. 1904.) 


7 Show that 


Reel a are cos, / ¢ Mee | ] = 1 
(0 (Ae— a) de te (4a O)) |~ (dats O) Maat) * 
8. Each of the functions 


1 acosa“+b ; ivi oh 
a/ (a? — 6?) ie (Sa cos aI GB b?) are tan { Ge +b tan $x 


has the derivative 1/(a+ cos x). 
9. If Y=a+bcosx+csin xz, and 
1 aX —a?+b? 4+ ¢? 
iS Wea Pa) arc COs YG+8 
then dy/dx=1/X. 


10. Prove that the derivative of F[f {p (~)}]is F’L Ff {h(a} ] f {6(x)} d' (x), 


and extend the result to still more complicated cases. 
11. Ifwand vare functions of x, then 
D,, arc tan (w/v) =(vD,u—uD,v)/(u? +0), 
12. The derivative of y=(tan 7+sec x)” is my sec x. 


13. The derivative of y=cos a +7sin x is iy. 


14. Differentiate x cos x, (sinx)/%. Show that the values of x for which 
the tangents to the curves y= cos 7, y=(sin x)/a are parallel to the axis of x 
are roots of cotx=a, tana=x respectively. 


8 
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15. It is easy to see (cf. Ex. xvit. 5) that the equation sin .r=az, where a 
is positive, has no real roots except 7=0 if a=1,and if a<1a finite number of 
roots which increases as a diminishes. Prove that the values of a for which 
the number of roots changes are the values of cos &, where € is a positive root 
of the equation tan é=€. [The values required are the values of u for which 
y=aex touches y=sin 2.] i 

16. If d(«)=2? sin (1/x) when a:+0, and ¢ (0)=0, then 

' (#) = 2x sin (1/2) — cos (1/2) 
when «+0, and ¢’(0)=0. And ¢' («) is discontinuous for #=0 (cf. $11], 
(2)). 

17. Find the equations of the tangent and normal at the point (x, Yo) 
of the circle v?+y?=a?. | 

[Here y=J/(a?- 2°), dy/dx= —a].J/(a? —2”), and the tangent is 

Y — Yo= (@ — Xo) {— Lo]? — x9")}; 
which may be reduced to the form way+yyo=a*. The normal is #9 — 4%)=0, 
which of course passes through the origin.] e 


18. Find the equations of the tangent and normal at any point of the 
ellipse (x/a)?+(y/b)?=1 and the hyperbola (w/a)? — (y/b)? =1. 


19. The equations of the tangent and normal to the curve «= (4), 
y= (t), at the point whose parameter is ¢, are — 


oot =) 9018 OFH-VOV O=0 
120. Repeated differentiation. We may forma new function 
(x) from ¢’ (#) just as we formed ¢' (x) from ¢ (a). This 
function is called the second derivative or second differential 
coefficient of d(#). The second derivative of y= @(z) may also 
be written in any of the forms 


d 2 d2 y (3 
ven (in 


Zz. 


In exactly the same way we may define the nth derivative or 
nth differential coefficient of y= (x), which may be written in any 
of the forins 

a My 
(n) n arene BTL 
p (zx), Dz Y; (+) Y; da” 
But it is only in a few cases that it is easy to write down a 
general formula for the nth differential coefficient of a given 
function. Some of these cases will be found in the examples 
which follow. , 
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Examples XLV. 1. If ¢(x)=x™ then 
p™ (2) =m(m—1)...(m—-n+1)ar-™ 
This result enables us to write down the ath derivative of any polynomial. 
2. If p(2)=(ax+b)™ then 
pl) (2) =m (m—1)... (m— n+1) a®* (a+ bym—*, 
In these two examples m may have any rational value. If m is a positive 
integer, and n>m, then od («)=0. 
3. The formula 
(+ : A ie tee Conia A 


dx) («~a)P (a7—a)Ptn 
enables us to write down the nth derivative of any rational function expressed 
in the standard form as a sum of partial fractions. 
4. Prove that the mth derivative of 1/(1—.?) is 
(m1) (1-2) -*- + (— 1)" (14+-4)-97}. 
5. Leibniz’ Theorem. If y is a product wv, and we can form the 


first m derivatives of wu and v, then we can form the nth derivative of y by 
means of Leibniz Theorem, which gives the rule 


n n n 
(UY) y= Und + i) Un—1%3+ () Un ~gVot oo. (") Un—pUpt ... +U py, 
where suffixes indicate differentiations, so that w,, for example, denotes the 
nth derivative of wu. ‘To prove the theorem we observe that 
(Uv), =U,v0+Ur,, 
(UV) y= Ugd + 2U,V, + UV, 


and so on. It is obvious that by repeating this process we arrive at a 
formula of the type 


(U0) y= UpyVAAn, 1Un—1 01 Fn, 2 Un—2V2F ooo FOn,p Un— ppt 0 FUYy. 


e 


Let us assume that dp, -() for r=1, 2,...%—1, and show that if this 
is so then dns, = ("2") for r=], 2, ... 2. It will then follow by the 


principle of mathematical induction that Ca (*) for all values of » andr 
in question. 


When we form (wv), ,1 by differentiating (uv), it is clear that the coefficient 


n nr nm+1 
An, r+ On, r-1= ; a7 Peasy 00 a 


This establishes the theorem. 


. 
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6. The nth derivative of v™ f(x) is 
m } an} 
(m—n)! (ie ees Cae fen —n+1)! re nia vei) 


n(n—1) m ' 


vo “1.2 (m—n+2)! 


lca le (z) ee 
the series being continued for 2+1 terms or until it terminates. 
7. Prove that D,” cos +=cos (v+$nm), D,“ sin =sin (4+ $n) 


8 Ify=Acosmr+Bsin mz then D,2y4+m?y=0. And if 
y=Acosmz+ B sin mr+ Py (x), 
where P,, (%) is a polynomial of degree 2, then D,”*+3 y+ m? D,"*!y=0, 


of oD2y+ 2D y +y=0 then 
xv? .D, 2+ 2y + (2n+1) 2 Dt y+ (0? +1) D,"y=0. 
[Differentiate n times by Leibnitz’ Theorem. ] 


10. If U,, denotes the nth derivative of (L2+M)/(x?-2Bxr+C), then 
x? -2Bs«t +0 2(2—-B) ; 
(n+1)(n +2) C44 On4itU,=0. (Math. Trip. 1900.) 


[First obtain the equation when x=0; then differentiate n times by 
Leibnitz’ Theorem. ] 


11. The xth derivatives of a/(a?+.2?) and x/(a?+.?). Since 


zg aeThs ica alae 
a+ W\e-a -w«+ai)’? ata? 2\e—ai" r+ai)’ 


De ee all 1 7 aa 
x aa — Oy (2 aint (2+ ai)"*1 ’ 


and a similar formula for D,” {x/(a*+.2?)}. If p= /(«?+a7), and @ 1s the 
numerically smallest angle whose cosine and sine are z/p and a/p, then 
x2+ai=p Cis 6 and x - ai=p Cis (— 6), and so ' 


ae 


Df {alfa + 2*)} = {(— 1) 1/22} p~"~) [Cis (n+ 1) 6}— Cis {— (+1) 6] 
=(—1)"2! (4?+a7)—™* sin {(2 +1) arc tan (a/2)}. 


we have 


Sunilarly . 
D,” {2 ](a? + £7)} =(-—1)"2! (a? +47) — (4D? cos {(n +1) arc tan (a/x)}. 
12. Prove that 
D,," {(cos )/a}={P,, cos (x +$ nr) + Q, sin (c +4n7)}/ar*}, 
D,* {(sin x)/2} = {P, sin (+421) — Q, cos (a4+4n7)}/a™*}, 
where P,, and Q, are polynomials in x of degree x and n—1 respectively. 


13. Establish the formulae 


de f(H), Pe. 04 f(a), Se. _ fy dy, (2a) 1(@\ 
dy dz)’ dy? dx! \dr)’* dy ~ \dx dx ax?) ff \da) * 
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14. Ifyz=1 and y,=(1/r!) D,y, z=(1/s!) D,®2, then 


= |p PF teal | 5, Ye Ys 
oe ae @ 8 a: om 
Zo 23 (Math. Trip. 1905.) 
ne, WeW(y,2Zuiy 2 4 P dashes denoting differentiations with 
yf z’ u’ 
yf" a uUu 
respect to v, then Wy, z, w= W Q, a =): 
1: i ax? + 2hxy + by? + 29x + 2fy+c=0, 
men dy|da= —(ax+hy+g)(he+by+f) 
and dy |da?= (abe+2fgh — af? — bg? — ch?)/(hx + by +f). 


121. Some general theorems concerning derived func- 
tions. In all that follows we suppose that @¢ («) is a function of 
which has a derivative ¢’ (x) for all values of x in question. This 
assuinption of course involves the continuity of ¢ (2). 


The meaning of the sign of ¢ (x) TuEoREM A. Jf 
f' (&)>0 then d(x)< > (%) for all values of x less than x, but 
sufficiently near to x, and d(x%)> h(a) for all values of « greater 
than x but sufficiently near to x). 

For {f (a +h) — ¢ (a)}/h converges to a positive limit ¢’ (2) as 
h~0. This can only be the case if $ (a +h) — $ (a) and h have 
the same sign for sufficiently small values of h, and this is precisely 
what the theorem states. Of course from a geometrical point of 
view the result is intuitive, the inequality ¢’(v)>0 expressing \ 
the fact that the tangent to the curve y= ¢ (a) makes a positive © 
acute angle with the axis of a The reader should formulate for 
himself the corresponding theorem for the case in which ¢’ (x) < 0. 


An immediate deduction from Theorem A is the following 
important theorem, generally known ag Rolle’ s Theorem) In view 
of _the great importance of t this theorem it may be well to repeat | 
that its truth depends on the assumption of the existence of the | . 


Eater lg f’ (x) for all values of # in question. ' 
S 


THEOREM B. Jf ¢(a)=0 and $(b) =0, then there must be at 
least one value of x which les between a and b and for which 


@ (x)= 0. 
There are two possibilities: the first is that @ (x) is equal to 
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zero throughout the whole interval (a, b). In this case dq’ («) is 
also equal to zero throughout the interval. If on the other hand 
¢ (x) is not always equal to zero, then there must be values of 
« for which ¢({#) is positive or negative. Let us suppose, for 
example, that ¢ (#) is sometimes positive. Then, by Theorem 2 of 
§ 102, there is a value & of #, not equal toa orb, and such that ¢ (é) 
is at least as great as the value of d(#) at any other point in 
the interval. And ¢’(&) must be equal to zero. For if it were 
positive then $(«) would, by Theorem A, be greater than ¢ (&) for 
values of # greater than & but sufficiently near to &, so that there 
would certainly be values of 6 (a) greater than ¢ (£). Similarly we 
can show that @¢’ (€) cannot be negative. 

Cor. 1. If ¢(a)=6(b)=k, then there must be a value of « 
between a and b such that q¢ (x) = 0. 

We have only to put ¢(#)—k= (a) and apply Theorem B 
to yr (2). 

Cor. 2. If d’(x)>0 for all values of x in a certain interval, 
then (x) ts an wncreasing function of x, in the stricter sense of § 95, 
throughout that interval. 

Let 2, and a, be two values of # in the interval in question, 
and #,< a. We have to show that ¢(a)<¢(a,). In the first 
place $ (a) cannot be equal to ¢ (a); for, if this were so, there 
would, by Theorem B, be a value of x between 2, and #, for which 
$ (x)= 0. Nor can ¢ (a) be greater than ¢ (a). For, since ¢' (a) 
is positive, P(x) is, by Theorem A, greater than (a) when @ is 
greater than «, and sufficiently near to a. It follows that there is 
a value a, of x between 2, and a, such that $(a,) = (a); and so, 
by Theorem B, that there is a value of « between 2, and «a; for 
which ¢’ (x) = 0. 

Cor. 3. The conclusion of Cor. 2 still holds of the interval 
(a, b) considered includes a finite number of exceptional values of x 
for which $' (x) does not exist, or is not positive, provided (x) rs 
continuous even for these exceptional values of x. 

It is plainly sufficient to consider the case in which there 1s 
one exceptional value of # only, and that corresponding to an end 
of the interval, say toa. If a<a,<4a<b, we can choose a+e 
so that a+e<a,, and ¢'(«)>0 throughout (a+, b), so that 
df (t1) < (4), by Cor. 2. All that remains is to prove that 
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gp (a)< (a). Now ¢(a,) decreases steadily, and in the stricter 
sense, as 2, decreases towards a, and so 


$(4)=$(4+0)= fe bY (21) < (a). 


Cor. 4. If '(x)> 0 throughout the interval (a, b), and d (a) 2 0 
then (x) 1s positive throughout the interval (a, b). 

The reader should compare the second of these corollaries very carefully 
with Theorem A, If, as in Theorem A, we assume only that ¢’(z) is positive 
at @ single point =2%, then we can prove that ¢ (2,)<¢ (a) when 2, and 22 
are sufficiently near to and 4}<%<22. For p(a1)< (x) and p (12) > ¢ (2%), 
by Theorem A. But this does not prove that there is any interval including 
xq throughout which ¢ (x) i ig a steadily i Increasing function, for the assumption 
that 2 tz, and 2 Xo lie on opposite sides of xz is essential to our conclusion. We 


shall return to this point, and illustrate it ney an actual example, in a moment 
(§ 124). = 


122. Maxima and Minima, | We shall say that the value $(&) 
assumed by $(#) when «= € is avmanimum if ¢ (&) is greater than 
any other value assumed by ¢(«) in the immediate neighbourhood 
of «= €, ve. if we can find an interval (fE—e, &+.e) of values of 
x such that ¢(€)>¢(«) when €—e<a< & and when E<aw< &+e; 
and we define a minimum in a similar manner. Thus in the figure 
the points A correspond to maxima, the points B to minima of 


Ay 


the function whose graph is there shown. It is to be observed that 
the fact that A, corresponds to a maximum and &, to a minimum 
is in no way inconsistent with the fact that the value of the 
function is greater at B, than at A;. - 


THEOREM C. A necessary condition for a maximum or 
minimum value of (a) at «= € is that ¢'(~)=0.* 


* A function which is continuous but has no derivative may have maxima and 
minima, We are of course assuming the existence of the derivative. 


* 
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This follows at once from Theorem A. That the condition is not 
sufficient is evident from a glance at the point C in the figure. 
Thus if y=a* then ¢'(#) = 3a, which vanishes when «=0. But 
x =Q does not give either a maximum or a minimum of 2’, as is 
obvious from the form of the graph of 2 (Fig. 10, p. 45). 


But there will certainly be a maximum at «=E€ of $ (E)=0, 
g' (x) >0 for all values of x less than but near to £, and ¢’ (x) <0 
for all values of x greater than but near to &: and if the signs 
of these two inequalities are reversed there will certainly be a 
minimum. For then we can (by Cor. 3 of § 121) determine an 
interval (€ —e, &) throughout which ¢ (a) increases with a, and an 
interval (€; +.) throughout which it decreases as a increases : 
and obviously this ensures that ¢ (£) shall be a maximum. 


This result may also be stated thus. If the sign of p (# @) 
changes at x=€& from positive to “negative, then «= — gives 
‘a maximum of (a): and if the sign of p'(a) changes in the 
opposite 's ‘sense, then Y= =" gives a minimum. 7 


123. There is another way of stating the conditions for a 
maximum or minimum which is often useful. Let us assume 
that @(#) has a second derivative ¢”(#): this of course does not 
follow from the existence of ¢’ (#), any more than the existence of 
¢ (x) follows from that of (x). But in such cases as we are 
likely to meet with at present the condition is generally satisfied. 


THEOREM D, Jf ¢’(&)=0 and $’(&)+0, then (a) has a 
maximum or minimum at «=& a maximum of $”(&)<9, a 


minimum uf o” (&) > 0. ef 
Suppose, ¢.g., that ”(€)<0. Then, by Theorem A, ¢’(«) 1s 


negative when « is less than & but sufficiently near to &, and 
positive when « is greater than £& but sufficiently near to €& Thus 
a= & gives a maximum. 


124. In what has preceded (apart from the last paragraph) we have 
assumed simply that @ (x) has a derivative for all values of # in the interval 
under consideration. If this condition is not fulfilled the theorems cease to 
be true. Thus Theorem B fails in the case of the function 


y=l— J"); 
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where the square root is to be taken positive. The graph of this function is 
shown in Fig. 40. Here @(—1)=¢(1)=0: but ¢’(z), as is evident from the 
figure, is equal to 1 if x is negative and to —1 if z is positive, and never 
vanishes. There is no derivative for «=0, and no tangent to the graph 
at P. And in this case «=O obviously gives a maximum of ¢(«), but 
¢’ (0), as it does not exist, cannot be 
equal to zero, so that the test for a 
maximum fails. 


Tle bare existence of the derivative 
¢’ (x), however, is all that we have as- 
sumed. And there is one assumption 
in particular that we have not made, 
and that is that ¢’(x) ztself 7s a con- 
tinuous function. This raises a rather -1 O i 
subtle but still a very interesting point. Fig. 40. | 
Can a function @(x) have a derivative 
for all values of x which is not itself continuous? In other words can a 

curve have a tangent at every point, and yet the direction of the tangent 
not vary continuously? The reader, if he considers what the question means 
and tries to answer it in the light of common sense, will probably incline 
to the answer Vo. It is, however, not difficult to see that this answer is 
ians- 


Y 
p 


Consider the function ¢ () defined, when 7+0, by the equation 
$ (2) =a?sin (1/2) ; 


and suppose that @(0)=0. Then @(#) is continuous for all values of 2. 
If +0 then 
q’ (#7) =2x sin (1/xz) — cos (1/2) ; 


A? sin (1/h) 
h 


while ¢’ (0)=lim = 0, 
h>0 


Thus @¢’ (xv) exists for all values of x But ¢’(z) is discontinuous for =0; 
for 2x7 sin (1/z) tends to 0 as x0, and cos (1/2) oscillates between the limits 
of indetermination —1 and 1, so that ¢’(%) oscillates between the same 
limits. 

What is practically the same example enables us also to Pistuate the 
point referred to at the end of §121. Let 


od (@) =x? sin (1/x) +2, 
where 0<a<1, when x+0, and ¢(0)=0. Then ¢/(0)=a>0. Thus the 
conditions of Theorem A of § 121 are satisfied. But if 7+0 then 
q’ (x) = 22 sin (1/%) — cos (1/z) +4, 
which oscillates between the limits of indetermination a—1 and a+1 as 7>0. 
As a—1<0, we can find values of x, as near to 0 as we like, for which 


¢'(~)<0; and it is therefore impossible to find any interval, including =0, 
throughout which ¢ (2) is a steadily increasing function of x. 
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It is, however, impossible that ¢'(z) should have what was called in 

Ch. V (Ex. xxxvir. 18) a ‘simple’ discontinuity; eg. that ¢’(x)»a when 

x>+0, p'(«) +b when 2+>—0, and ’(0)=c, unless a=b=c, in which case 

¢' (x) is continuous for z=0. For a proof see § 125, Ex. xvi. 3. po 
Examples XLVI. 1) Verify Theorem B when ¢$(x)=(#—a)™(«—b)" or 

db (7) =(«4 —a)™ (a —b)" (a@—c)P, where m, n, p are positive integers and a<b<c. 
[The first function vanishes for =a and «=b. And 


A) (2) =(e—a)™"1 (2 — b)/"-1 {(m +n) #— mb — na} 
vanishes for x=(mb+na)/(m+n), which lies between @ and b. In the 
second case we have to verify that the quadratic equation 
(m+n +p) c2—{m(b+c) +n (c+a)+p (a+b)} «+ mbe+nca+ pab=0 
has roots between a and b and between 0 and ¢.] 
2. Show that the polynomials 
934+ 3a2—1lQe+7, 3e'+823 —6x? —2474+19 
are positive when #>1. 
3. Show that x-sinz# is an increasing function throughout any interval 
of values of x, and that tan «— increases as # increases from —42 to $m. 
For what values of @ is av—sin &# a steadily increasing or decreasing function 
of x? 
a 4, Show that tan #—. also increases from c=} to x=3_a, from r=3 7 
‘to w=5m, and so on, and deduce that there is one and only one root of the 
\% equation tan «=. in each of these intervals (cf. Ex. XVII. 4). 
5. Deduce from Ex. 3 that sina—x<0 if x>0, from this that 
cos 7-1+4+}$2?>0, and from this that sina-x+323>0. And, generally, 
prove that if 


a2 yom 

Co. Sees 7c — lee. =|. —(— ree 

oy 2! a Qm!? 
ap gemti 


Som +1=Sin &— a+ 5 a la 


and >0, then Com and Som,.1 are positive or negative according as m is odd 
; : A : f 
or even. _ 
6. If f(#) and f” (x) are continuous and have the same sign at every 
point of an interval (a, b), then this interval can include at most one root of 
either of the equations f(x7)=0, f’ (a) =0. 


Uma 


7. The functions uw, v and their derivatives wu’, v’ are continuous 
throughout a certain interval of values of 2, and wv’—w'y never vanishes 
at any point of the interval. Show that between any two roots of w=0 
lies one of y=0, and conversely. Verify the theorem when «=cos 2, v=sin x. 

[If 7 does not vanish between two roots of w=0, say a and £, then the 
function w/v is continuous throughout the interval (a, 8) and vanishes at its 
extremities. Hence (t/v)’=(w'v—uv’)/v? must vanish between a and B, which 
contradicts our hypothesis. ] 


Sr ON iicaa aoe oc ae 
= mel x BY CX ELC) 4 (wa) Oe 8) 
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8. Determine the maxima and minima (if any) of (7-1)? (7+2), 23 — 3z, 
243 —3z?—367+10, 443-182?+27%—-7, 32*-4234+1, 25-15234+3. In each 
case sketch the form of the graph of the function. 


[Consider the last function, for example. Here ¢'(x)=52? (z?—9), which 
vanishes for x= —3, x=0, and x=3. Itis easy to see that r= -—3 gives a 
maximum and #=3 a minimum, while z=0 gives neither, as ¢’(«) is negative 
on both sides of #=0.] 


9. Discuss the maxima and minima of the function (#— a@)™ (a —b)", where 
m and n are any positive integers, considering the different cases which occur 
according as m and z are odd or even. Sketch the graph of the function. 


10. Discuss similarly the function (#— a) (%—b)?(a#—c)’, distinguishing 
the different forms of the graph which correspond to different hypotheses as 
to the relative magnitudes of a, , ec. 


11. Show that (ax+b)/(ev+d) has no maxima or minima, whatever 
values a, 6, c, d may have. Draw a graph of the function. 


12. Discuss the maxima and minima of the function 
y= (aa?+ 2bx +0)/(Ax®+2Br+8, 
when the denominator has complex roots. 
{We may suppose a and A positive. The derivative vanishes if 
(ax+b) (Be+C)—(Axrt+B) (ba+e)=0 02. eee asal Ls 


This equation must have real roots. For if not the derivative would always 
have the same sign, and this is impossible, since y is continuous for all values 
of # and y>a/A as r>+o0 orv>—o. It is easy to verify that the curve 
cuts the line y=a/A in one and only one point, and that it lies above this 
line for large positive values of x, and below it for large negative values, or 
vice versa, according as b/a>B/A or bla<B/A. Thus the algebraically 
greater root of (1) gives a maximum if b/a>B/A, a minimum in the contrary 
case, | 


13. The maximum and minimum values themselves are the values of A 
for which ax?+2b4+e-—2(Az?+2Br+C) is a perfect square. [This is the 
condition that y=) should touch the curve.] 


14. In general the maxima and minima of 2 («x)= P(x)/@ (x) are among 
the values of A obtained by expressing the condition that P(2)—AQ (a) =0 
should have a pair of equal roots. 


15. If Az?-+-2Bx+C=0 has real roots then it is convenient to proceed as 
follows. We have 


y— (a) A) = (Ax-+p)/{A(A2?-+2Be + 0}, 


where A=bA-—aB, p=cA—aC. Writing further € for Aw+p and n for 
(A/\*) (Ay-a@), we obtain an equation of the form 


n= E/\(€—p) (§-9)}- 
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This transformation from (a, y) to (&, 7) amounts only to a shifting of the 
origin, keeping the axes parallel to themselves, a change of scale along each 
axis, and (if 4 <0) a reversal in direction of the axis of abscissae; and so a 
minimum of y, considered as a function of x, corresponds to a minimum of 7 
considered as a function of é, and vice versa, and similarly for a maximum. 


The derivative of y with respect to € vanishes if 
(E>p)(§—9) -8(E—p) ~ ££ —g)=0, 
or if £2=pg. Thus there are two roots of the derivative if p and g have the 


same sign, none if they have opposite signs. In the latter case the form of 
the graph of 7 is as shown in Tig. 41 a. 


Fig, 41a. Fig. 410. Fig. 41c. 


When p and g are positive the general form of the graph is as shown in 
Fig. 41, and it is easy to see that £=/(pq) gives a maximum and = —,/(pq) 
a minimum.* 


In the particular case in which p=q the a 
function is i 
n=&/(E—p); 
and its graph is of the form shown in Fig, 4le. 
The preceding discussion fails if A=0, ze. 
if a/A=b/B. But in this case we have 
y—(a/A)=p/{A (Aa?-+2B0+0)} 
= p|{A? (w — 2) (4 X2)}, 
say, and dy/dz=0 gives the single value 7=4(7,+.2). On drawing a graph 
it becomes clear that this value gives a maximum or-minimum according as 
pis positive or negative. The graph shown in Fig. 42 corresponds to the 
former case. 


[A full discussion of the general function y = (az? + 2b% + ¢)/(Az?+2B2+0), 
by purely algebraical methods, will be found in Chrystal’s Algebra, vol i, 
pp. 464-7.] 


Fig. 42. 


16. Show that (x—- a) (*#—£)/(#—-y) assumes all real values as x varies, if 
y lies between a and §, and otherwise assumes all values except those included 
in an interval of length 4,/(|a-y||B—-y|). 


* The maximum is —1/(/p —,/q)’, the minimum - 1/(,/p + /q)*, of which the 
latter is the greater. 
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17. Show that 
- x?*+2¢r+¢ 
I= 73+ da + 3c 
can assume any real value if 0<¢<1, and draw a graph of the function in 
this case. (Math. Trip. 1910.) 


18. Determine the function of the form (a2?+2bxe-+c)/(A2®4+2Bu+C) 
which has turning values (7.e. maxima or minima) 2 and 3 when c=1 and 
w= —1 respectively, and has the value 2°5 when x=0. (Math. Trip. 1908.) 


19. The maximum and minimum of (7+ a) (#+6)/(«— a) (w@—b), where a 
and 6 are positive, are 


- (yt) 7 (S37) 
Ja—Jb)? SOTO) 
20. The maximum value of («— 1)?/(#+1)? is #. 


21. Discuss the maxima and minima of 
av (@—1)/(a?+3r4+3), «4/(¢-1) (vw-3)3, 
(% ~ 1)? (8a? — 2x — 37)/(x +5)? (8.x? — 144-1). 

(Math. Trip. 1898.) 

[If the last function be denoted by P(x)/Q(x), it will be found that 

P'Q— PQ'=72 (a@—7) (%@— 3) (@—1) (+1) (@+ 2) (w@+5).] 
22. Find the maxima and minima of acos7+bsina, Verify the result 
by expressing the function in the form A cos (v—a). 


23. Find the maxima and minima of 
a? cos? x+b?sin? 2, A cos?x+2H cose sinxa+B sin? x. 


24. Show that sin (#+qa)/sin (v+6) has no maxima or minima. Draw 
a graph of the function, 
25. Show that the function 
sin? 
sin (v+a) sin (47+) ee ee) 
has an infinity of minima equal to 0 and of maxima equal to 
— 4sin asin b/sin?(a -6), (Math. Trip. 1909.) 
26. The least value of a? sec? x + 6? cosec? w is (a +6). 
27. Show that tan 3x cot 2x cannot lie between 4 and 3. 


28. Show that, if the sum of the lengths of the hypothenuse and another 
side of a right-angled triangle is given, then the area of the triangle is a 
maximum when the angle between those sides is 60°. (Math. Trip. 1909.) 


99. Aline is drawn through a fixed point (a, 5) to meet the axes OY, OF 
-in Pand Q. Show that the minimum values of PQ, OP+0Q, and OP.0Q 


are respectively (a7/9 + b7/9)3/2 (/a+./b)2, and 4ab. 
H. lo 
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30. <A tangent to an ellipse meets the axes in P and Q. Show that the 
least value of PQ is equal to the sum of the semiaxes of the ellipse. 
31. Find the lengths and directions of the axes of the conic 
an + 2hey +by?=1. 
[The length 7 of the semidiameter which makes an angle @ with the axis 


of x is given by 
1/72 =a cos? 6+ 2h cos 0 sin 6+b sin? 6. 


The condition for a maximum or minimum value of r is tan 26=2h/(a—)). 
Eliminating 6 between these two equations we find 


{ar (1/r)} = (ypr2)} =A] 


32. The greatest value of xy", where x and wv are positive and 
z+y=h, is 
amet a bt lm nyt, 


33. The greatest value of av+by, where x and y are positive and 
w+ aeyty?=3k’, is 
2x /(a2?— ab +02). 


(If av+by is a maximum then a+b(dy/dx)=0. The relation between « 
and y gives (27+y)+(#+2y) (dy/dz)=0, Equate the two values of dy/dwx.] 


34. If@and ¢ are acute angles connected by the relation asecd + bsecp =c, 
where a, b, ¢ are positive, then a cos +6 cos > is a minimum when 6=¢. 


125. The Mean Value Theorem. We can proceed now to 
the proof of another general theorem of extreme importance, a 
theorem commonly known as ‘7he Mean Value Theorem ‘or ‘ Lhe 
Theorem of the Mean’. 


THEOREM. If d(x) has a derivative for all values of x in the 
interval (a, 6), then there as a 
value E of x between a and b, 
such that 


(6) — $ (a) =(b— 4) $' €&). 

Before we give a strict proof 
of this theorem, which is perhaps 
the most important theorem in 
the Differential Calculus, it will 
be well to point out its obvious 
geometrical meaning. This is 
simply (see Fig. 43) that if the 
curve APB has a tangent at all points of its length then there 


Fig. 43. 
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must be a point, such as P, where the tangent is parallel to AB. 
For ¢'(&) is the tangent of the angle which the tangent at P 
makes with O.X, and {¢ (b) — ¢ (a)} o- a) the tangent of the angle 
which AB makes with OY. 


It 1s easy to give a strict analytical proof. Consider the 
function 


 (b) — (a) — 9=* ib (b) — $ (a)}, 


which vanishes when «=a and w=b. It follows from Theorem B 
of § 121 that there is a value & for which its derivative vanishes. 
But this derivative is 


$O-$)_ yey), 
which proves the ies It should be observed that it has not 
been assumed in this proof that ¢’ (x) is continuous. 


It is often convenient to express the Mean Value Theorem in 


the form 
$ (6) = (a) + (b—a) p’ [a+ 0(b—-a)}, 
where @ is a number lying between 0 and 1. Of course a+6(b—a) 


is merely another way of writing ‘some number & between a and b’. 
If we put b=a+h we obtain 


p(a+h)=¢ (a) +h’ (at Oh), 

which is the form in which the theorem is most often quoted. 

Examples XLVII. 1. Show that 

b—x 
$(8)-$(@)-7—* 6 ()-4(a)} 

is the difference between the ordinates of a point on the curve and the 
corresponding point on the chord. 

2. Verify the theorem when ¢ («) =? and when @ (x) =23. 

[In the latter case we have to prove that (b3—a’)/(b—a)=3£2, where 
a<&<b; ve. that if } (6?+ab+a*)=£ then é lies between a and b.] 

3. Establish the theorem stated at the end of § 124 by means of the Mean 
Value Theorem. 


[Since ¢'(0)=c, we can find a small positive value of « such that 
ip(x) — (0)}/x% is nearly equal to c; and therefore, by the theorem, a small 
positive value of € such that ¢’ (&) is nearly equal to ec, which is inconsistent 
with ae (x) =a, unless a=c, Similarly b=c.] 

tet 


15—2 
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30. A tangent to an ellipse meets the axes in P and Q. Show that the 
least value of PQ is equal to the sum of the semiaxes of the ellipse. 
31. Find the lengths and directions of the axes of the conic 
an? + 2hay + by?=1. 
[The length + of the semidiameter which makes an angle @ with the axis 


of x is given by 
1/72 =a cos? 6+2h cos 6 sin 6+b sin? 6. 


The condition fora maximum or minimum value of 7 is tan 26=2h/(a—6). 
Eliminating 6 between these two equations we find 


{ar—(1/r2)} {= (Lp) = 22] 


32. The greatest value of wy", where # and w are positive and 
a+y=kh, 1s 
mem ne km + alm + net, 


33. The greatest value of av+by, where x and y are positive and 
w+ cy +y?=3x', is 
2x /(a? - ab + b*). 


[If ax+by is a maximum then a+b(dy/dx)=0. The relation between % 
and y gives (2a+y)+(#+2y) (dy/dz)=0, Equate the two values of dy/dx.] 


34. If@and ¢ areacute angles connected by the relation asecd +bsecp=c, 
where a, b, ¢ are positive, then a cos +6 cos @ is a minimum when 6=¢. 


125. The Mean Value Theorem. We can proceed now to 
the proof of another general theorem of extreme importance, a 
theorem commonly known as ‘The Mean Value Theorem or ‘ The 
Theorem of the Mean’. 


TuEoreM. If $(x) has a derivative for all values of x in the 
interval (a, b), then there ws a 
value — of x between a and J, ¥ 8 
such that 


$ (b)— $ (a)=(b— 4) dG). 

Before we give a strict proof =, #(d) 
of this theorem, which is perhaps 
the most important theorem in 
the Differential Calculus, it will 
be well to point out its obvious 
geometrical meaning. This is 
simply (see Fig. 43) that if the 
curve APB has a tangent at all points of its length then there 


Fig. 43. 
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must be a point, such as P, where the tangent is parallel to AB. 
For ¢'(&) is the tangent of the angle which the tangent at P 
makes with O.X, and {¢ (6) — ¢ (a)} [o- a) the tangent of the angle 
which AB makes with OX. 

It is easy to give a strict analytical proof. Consider the 
function 


(0) $(@) $=" 16) - 6), 


which vanishes when wz=a and «=0b. It follows from Theorem B 
of § 121 that there is a value & for which its derivative vanishes. 
But this derivative is 


ae _— ©) _ g(a); 


which proves the theorem. It should be observed that it has not 
been assumed in this proof that $’ (x) is continuous. 


It is often convenient to express the Mean Value Theorem in 


the form 

$ (b) = (a) + (b- a) $’ {a + 0 (b—a)}, 
where @ is a number lying between 0 and 1. Of course a+6(b—a) 
is merely another way of writing ‘some number & between a and b’. 
If we put b=a+h we obtain 


g(at+th)=¢(a)+hd’ (at Oh), 
which is the form in which the theorem is most often quoted. 
Examples XLVII. 1. Show that 
b—wx 
— b()— 9 (*)— 5 — fh (1) -$ (@)} 
is the difference between the ordinates of a point on the curve and the 
corresponding point on the chord. 
2. Verify the theorem when ¢ (x)=. and when @ (2) =.23., 
{In the latter case we have to prove that (b3—a3)/(b—a)=3£%, where 
a<&<b; we. that if 3 (b?+ab+a*)=£ then € lies between a and b.] 
3. Establish the theorem stated at the end of § 124 by means of the Mean 


Value Theorem. 


[Since $'(0)=c, we can find a small positive value of 2 such that 
ip(x) — p(0)}/e% is nearly equal to c; and therefore, by the theorem, a small 
positive value of € such that ¢’ (&) is nearly equal to ec, which is inconsistent 
with im ¢ (x)=a, unless a=c, Similarly b=c.] 

x“ 


15—2 
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4, Use the Mean Value Theorem to prove Theorem (6) of § 113, assuming 
that the derivatives which occur are continuous. 


[The derivative of F’{f(x)} is by definition 
tin PUM) FUSE 


But, by the Mean Value Theorem, /(w+A)=/ (x) +A/’ (&), where € is a number 
lying between x and x+h. And 

Ff (@) thf (ERS FF OYAM (© F’ (hr) 
where &, is a number lying between f (7) and f (7)+A/’ (€). Hence the deriva- 


tive of F’{ f(x)} is 
lim f’ (£) F’ (&:) =f" (2) F’{ Ff @y}, 


since >. and £,>/f (x) as h>0.] 


126. The Mean Value Theorem furnishes us with a proof of a 
result which is of great importance in what follows: 2f ¢’ (a) =0, 
throughout a certain interval of values of x, then ¢ (x) ts constant 
throughout that interval. 


For, if a and 6 are any two values of x in the interval, then 


¢ (6) — $ (a) =(b-a) f' {a+ 0 (—a)} = 
An immediate corollary is that if $’(#) =~ (a), throughout a 
certain interval, then the functions ¢ (#) and yf () differ through- | 
out that interval by a constant. 


127. Integration. We have in this chapter seen how we can 
find the derivative of a given function ¢ (a) in a variety of cases, 
including all those of the commonest occurrence. It is natural to 
consider the converse question, that of deter i a function 
whose derwative 1s a given function. © AK = done, 


Suppose that (x) is the given function,, Then we wish to _ 
determine a function such that ¢’ (x)= (a). A little reflection 
shows us that this question may really be analysed into three 
parts. 


(1) In the first place we want to know whether such a 
function as }(a) actually exists. This question must be carefully 
distinguished from the question as to whether (supposing that 
there is such a function) we can find any simple formula to 
express it. 


(2) We want to know whether it is possible that more than 
one such function should exist, i.e. we want to know whether our 
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problem is one which admits of a unique solution or not; and 


if not, we want to know whether there is any simple relation 
between the different solutions which will enable us to express all 
of them in terms of any particular one. 


(3) If there is a solution, we want to know how to find an’ 


actual expression for it. 


It will throw light on the nature of these three distinct ques- 
tions if we compare them with the three corresponding questions 
which arise with regard to the differentiation of functions. 


(1) A function ¢ (x) may have a derivative for all values of a, 
like a, where m is a positive integer, or sing. It may generally, 
but not always have one, like a or tanw or seca. Or again 
it may never have one: for example, the function considered in 
Ex, XXxvil. 20, which is nowhere continuous, has obviously no 
derivative for any value of x Of course during this chapter we 
have confined ourselves to functions which are continuous except for 
some special values of x The example of the function /z, how- 
ever, shows that a continuous function may not have a derivative 
for some special value of «, in this case «=0. Whether there 
are continuous functions which never have derivatives, or con- 
tinuous curves which never have tangents, is a further question 
which is at present beyond us. Common-sense says Vo: but, as 
we have already stated in § 111, this is one of the cases in which 
higher mathematics has proved common-sense to be mistaken. 

- But at any rate it is clear enough that the question ‘has (a) 
a derivative ¢’(#)?’ is one which has to be answered differently 
in different circumstances. And we may expect that the converse 
question ‘is there a function ¢(«) of which W(x) is the deriva- 
tive?’ will have different answers too. We have already seen 
that there are cases in which the answer is Vo: thus if y(z2) is 
the function which is equal to a, b, or ¢ according as « is less than, 
equal to, or greater than 0, then the answer is Vo (Ex. XLVI. 3), 
unless a =b=c. be 


This is a case in which the given function is discontinuous. 
In what follows, however, we shall always suppose W(x) continuous. 
And then the answer is Yes: if (a) 1s continuous then there ts 
always a function > (x) such that $’(«)=W (a). The proof of this 
will be given in Ch, VII. 


f2 
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(2) The second question presents no difficulties. In the case 
of differentiation we have a direct definition of the derivative 
which makes it clear from the beginning that. there cannot 
possibly be more than one.. In the case of the converse problem 
the answer is almost equally simple. It is that if ¢ (a) 1s one 
solution of the problem then ¢(«) + C is another, for any value of 
the constant C, and that all possible solutions are comprised in 
the form @(z%)+C. This follows at once from § 126. 


(8) The practical problem of actually finding ¢' («) is a fairly 
simple one in the case of any function defined by some finite com- 
bination of the ordinary functional symbols. The converse problem 
is much more difficult. The nature of the difficulties will appear 
more clearly later on. 


Derinitions. Jf (a) ts the derivative of > (a), then we call 
d(x) an integral or integral function of y(«). The operation 
of forming (x) from > (x) we call integration. 


We shall use the notation 
b (0) = | + (@) de. 


It is hardly necessary to point out that I ...dxz like d/d« must, at 
present at any rate, be regarded purely as a symbol of operation : 
the | and the da no more mean anything when taken by them- 
selves than do the d and dz of the other operative symbol d/da. 


128. The practical problem of integration. ‘The results 
of the earlier part of this chapter enable us to write down at once 
the integrals of some of the commonest functions. Thus 


gintl 


[ and = ——__, 
m+ 1 


| c0s eda =(sime, sin xde=—cosx...(1). 

These formulae must be understood as meaning that the 
function on the right-hand side is one integral of that under 
the sign of integration. The most. general integral is 6f course 
obtained by adding to the former a constant C, known as the 
arbitrary constant of integration. 
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There is however one case of exception to the first formula, that 
in which m=—1. In this case the formula becomes meaningless, 


as 1s only to be expected, since we have seen already (Ex. xu. 4) / 2 


that 1/@ cannot be the derivative of any polynomial or rational 
fraction. 


That there really is a function F'(«) such that D, F(#) =1/x 
will be proved in the next chapter. For the present we shall be 
content to assume its existence. This function F'(«) is certainly 
not a polynomial or rational function; and it can be proved that 
it is not an algebraical function. It can indeed be proved that 
F(a) is an essentially new function, independent of any of the 
classes of functions which we have considered yet, that is to say 
incapable of expression by means of any finite combination of the 
functional symbols corresponding to them. The proof of this is 
unfortunately too detailed and tedious to be inserted in this book; 
but some further discussion of the subject will be found in Ch. IX, 
where the properties of #’(«) are investigated systematically. 


Suppose first that # is positive. Then we shall write 


and we shall call the function on the right-hand side of this 
equation the logarithmic function : it is defined so far only for 
positive values of «. 


Next suppose # negative. Then — & is positive, and so log (—2) 
is defined by what precedes. Also 


d -1 1 
ay 8 (- LS a 
so that, when # is negative, 
| dic 
i re WO SA) -2 ior ee Se iene (3). 
_ The formulae (2) and (8) may be united in the formulae 
[So = tog (4 2) = og | ae (4), 


where the ambiguous sign is to be chosen so that + is positive: 
these formulae hold for all real values of # other than «=0. 
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The most fundamental of the properties of log # which will be proved in 
Ch. IX are expressed by the equations 
log1=0, log(1/r)=—logx, log ry=log x+logy, 


of which the second is an obvious deduction from the first and third, It is 
not really necessary, for the purposes of this chapter, to assume the truth of 
any of these formulae; but they sometimes enable us to write our formulae 
in a more compact form than would otherwise be possible. 


It follows from the last of the formulae that log #? is equal to 2log x if 
x>O0Oand to 2log (—~) if <0, and in either case to 2log|x|. Hither of the 
formulae (4) is therefore equivalent to the formula 


{F ~ 4 log a oe esleleleleie'elc'e'eisieiolcisic(e(s/s\sis\o\e\slele (5). 


The five. formulae (1)—(3) are the five most fundamental 
standard forms of the Integral Calculus. To them should be 
added two more, viz. 


da da ; 
———_ = are tan 2, ———— =+ arcsina”...... (6). 
1+2 


va-#) 


129. Polynomials. A\l the general theorems of § 113 may of 
course also be stated as theorems in integration. Thus we have, 
to begin with, the formulae 


[/@+FO) do= | f(a) de + [F(a de Lee (Ay), 
| bf (a) de =k I FG\ ie eo (2). 


Here it is assumed, of course, that the arbitrary constants are 
adjusted properly. Thus the formula (1) asserts that the sum of 
any integral of f(#) and any integral of F(z) is an integral of 
f(a) + F (2). 

These theorems enable us to write down at once the integral 
of any function of the form = A,/, (#), the sum of a finite number 
of constant multiples of functions whose integrals are known. In 
particular we can write down the integral of any polynomial: 
thus 
age ae 


malt mt tte. 


| (ayc” + aa" +... +n) da = 


* See § 119 for the rule for determining the ambiguous sign. 
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130. Rational Functions. After integrating polynomials 
it is natural to turn our attention next to rational functions. 
Let us suppose R(«) to be any rational function expressed in the 
standard form of § 117, viz. as the sum of a polynomial II (x) and 
a number of terms of the form A/(#— a)?. 

We can at once write down the integrals of the polynomial 
and of all the other terms except those for which p = 1, since 

i AS a a 
(a —a)? p—l(«e—a)p- 
whether a be real or complex (§ 117). 

The terms for which p=1 present rather more difficulty. 

It follows immediately from Theorem (6) of § 113 that 


| i Ff (OF (@) da =F { f (a)yerceecscececes (3). 


In particular, if we take f(#)= ax +b, where a and D are real, 
and write ¢() for F’(#) and w() for F’ (x), so that ¢ (x) is an 
integral of a (x), we obtain 


[v (ax + b) dar = * (ax +b) er ey ..(4). 


Thus, for example, 


sity Pigl ens 
and in particular, if @ is real, 
as =log|a#— a}. 
r— a 


We can therefore write down the integrals of all the terms in 
f(x) for which p=1 and ais real. There remain the terms for 
which p = 1 and a is complex. 


In order to deal with these we shall introduce a restrictive 
hypothesis, viz. that all the coefficients in R(x) are real. Then if 
a= y+ 00 is a root of Q(«)=0, of multiplicity m, so is its con- 
jugate a=y—0ov; and if a partial fraction A,/(a—«a)? occurs in 
the expression of £ (a), so does A,/(x—a)?, where A, is conjugate 
to A,. This follows from the nature of the algebraical processes 
by means of which the partial fractions can be found, and which 
are explained at length in treatises on Algebra*, 


* See, for example, Chrystal’s Algebra, vol. i, pp. 151-9. 
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Thus, if a term (A + pt)/(xz —.y — 6c) occurs in the expression 
of R(x) in partial fractions, so will a term (A— pt)/(x@ — y + 8&1); 
and the sum of these two terms is 
2 {rd (a — y) — wd} 
| a 
This fraction is in reality the most general fraction of the form 
Az+B 
as + 2be +c’ 


where b?< ac. The reader will easily verify the equivalence of 
the two forms, the formulae which express A, p, y, 6 in terms of 


A, B, a, b, ¢ being 
a=A/f2a, p=— D/QaV/d), y=—b/a, =V/A/a, 
where A = ac — 0?, and D=aB—bA. 
If in (3) we suppose F { f (x)} to be log | f(x) |, we obtain 


f (2) 
[Pas Fy Ue = Nog | fA) eesseressrene (5); 


and if we further suppose that f(2) = (a — d)? + pw’, we obtain 
2(a— - 
eaneer = , dx = log {a — AP + ph. 
And, in virtue of the nn (6) of § 128 and (4) above, we 


have 
Pome ancl dx = — 26 are tan (“—*). 
(w—r)P+ pe He 

These two formulae enable us to integrate the sum of the two 
terms which we have been considering in the expression of R (@); 
and we are thus enabled to write down the integral of any real 
rational function, if all the factors of its denominator can be deter- 
mined. The integral of any such function 1s composed of the sum 
of a polynomial, a number of rational functions of the type 

A 1 
~~ p—1 (e@—a)Pr’ 


a number of logarithnuc functions, and a number of inverse tangents. 


It only remains to add that if a is complex then the rational 
function just written always occurs in conjunction with another in 
which A and @ are replaced by the complex numbers conjugate to 
them,and that the sum of the two functions is a real rational function. 
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Examples XLVIII. 1. Prove that 


ee . ralbecac ee J/(-A)| 
latter gy EI AIt oy ers ibs 5 laxtb+M(— A)| 
(where XY =a2?+2bxc+c) if A<0, and 
At+B me D ax+b 
late v= gs log|£|+— 7g ave tan ( x) 


if A>0, A and D having the same meanings as on p. 234. 


2. In the particular case in which ac=0? the integral is 


D 


A 
ro ye oe au 


3. Show that if the roots of Q(v)=0 are all real and distinct, and P (x) 
is of lower degree than Q (rv), then 


| R(x)dx=> ae log| #-a|, 


the summation applying to all the roots a of Q(x)= 


[The form of the fraction corresponding to a may be deduced from the 


facts that 
P(a) 


20) 9a), (e- a) Ra) aie, 


as «>a. | 


4, If all the roots of Q(x) are real and a is a double root, the other roots 
being simple roots, and P (a) is of lower degree than @(w), then the integral 
is A/(c«—a)+A’ log|x-a|+3 Blog| x—B|, where 

Waa) poe ©) PT @sP Owe) p28) 
Q" (a) ’ 3 iG" (a)}? @ (8)’ 
and the summation applies to all roots B of Q (v)=0 other than a. 


5. Calculate 


z 
le 1) (a? +1) 
{The expression in partial fractions is 
iV 1 a —7 v Q+4 
a (@—1)?~ 2(e—1) Seana (@-1) * 8 (rae * B(e+s)’ 
and the integral is 


] 


re ea ere é 
p2G=1D eae) See = 1| +4 log (2? +1)+ arctan «.] 


6. Integrate 


Oo x & & 
(w—a)(a—b)(a@-c)’ («-a)(w@—b)? (w—a)?(w@—b)??— (w@— ays? 
z 7 x? — a? v—a@ 


(2? +0?) (2? +0)’ (a? 40%) (a+b)? at(a® +a)’ 22 +are 
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7. Prove the formulae: 


dx _ 1 1+2/2+2? 
ieavzye{ 8 (jp eye) +2aretan ( 


vida 1 1+2,/2+.2? Ge 
Jee a { ~ lee G toate) +2are tan (et 

da l+2+2? x3 
ip eaee “75 (v3 log (Aa) +2arc tan (4). 


131. Note on the practical integration of rational functions. 
The analysis of § 130 gives us a general method by which we can find the 
integral of any real rational function R(x), provided we can solve the equation 
Q(z)=0. In simple cases (as in Ex. 5 above) the application of the method 
is fairly simple. In more complicated cases the labour involved is some- 
times prohibitive, and other devices have to be used. It is not part of the 
purpose of this book to go into practical problems of integration in detail. 
The reader who desires fuller information may be referred to Goursat’s Cours 
@ Analyse, second ed., vol. i, pp. 246 et seg., Bertrand’s Calcul Intégral, and 
Dr Bromwich’s tract Elementary Integrals (Bowes and Bowes, 1911). 


mS 
l je 
810d 
Sa 
—_——* 


If theequation @(#)=0 cannot be solved algebraically, then the method of 
partial fractions naturally fails and recourse must be had to other methods*. 


132. Algebraical Functions. We naturally pass on next to 
the question of the integration of algebraical functions. We have 
to consider the problem of integrating y, where y is an algebraical 
function of «. It is however convenient to consider an apparently 
more general integral, viz. 


| R (a, y) da, 


where R(a, y) is any rational function of # and y. The greater 
generality of this form is only apparent, since (Ex. xIy, 6) the 
function Lt (2, y)i is itself an algebraical function of z. The choice | 
of this form is in fact dictated simply by motives of convenience: 
such a function as 

pa + q+ (ax® + 2bx + ¢) 

px +g — (ax + 2b + ¢) 
is far more conveniently regarded as a rational function of # and 
the simple algebraical function /(aa + 2b# +c), than directly as 
itself an algebraical function of a. 


* See the author’s tract ‘‘ The integration of functions of a single variable” 
(Cambridge Tracts in Mathematics, No. 2, second edition, 1915). This does not 
often happen in practice. 
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133. Integration by substitution and rationalisation. 


It follows from equation (8) of § 130 that if | pv (a) dx = p(x) then 
| HLF OUSS FO} occcscevceceee: (1). 


This equation supplies us with a method for determining the 
integral of (x) in a large number of cases in which the form of 
the integral is not directly obvious. It may be stated as a rule as 
follows: put «=f(t), where f (t) 1s any function of a new variable 
t which it may be convenient to choose; multiply by f’ (t), and 
determine (if possible) the integral of w{f(t)} f' (); express the 
result in terms of «. It will often be found that the function of t 
to which we are led by the application of this rule is one whose 
integral can easily be calculated. This is always so, for example, 
if it is a rational function, and it is very often possible to choose 
the relation between 2 and t so that this shall be the case. Thus 
the integral of & (/x), where & denotes a rational function, is 
reduced by the substitution «=# to the integral of 2¢R(@), 
ze. to the integral of a rational function of t ‘This method of 
integration is called integration by rationalisation, and is of 
extremely wide application. 


Its application to the problem immediately under consideration 


is obvious. If we can find a variable t such that x and y are both 
rational functions of t, say «= R,(t), y= R,(t), then 


i EG Die | R{R,(t), R(t) Ry(t)dt, 
and the latter integral, being that of a rational function of t, can be 
calculated by the methods of § 130. 


It would carry us beyond our present range to enter upon any 
general discussion as to when it is and when it is not possible to 
find an auxiliary variable ¢ connected with # and y in the manner 
indicated above. We shall consider only a few simple and inter- 
esting special cases. 


134. Integrals connected with conics. Let us suppose 
that # and y are connected by an equation of the form 
ax? + 2Zhay + by? + 2gx + 2fy+c=0; 
in other words that the graph of y, considered as a function of « 
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is a conic. Suppose that (& 7) is any point on the conic, and 
let c—-E=X, y—n=Y. If the relation between «# and y is 
expressed in terms of X and Y, it assumes the form 


aX? +2hXY +bY?+2GX + 2FY =0, 


where F=h&+byn+f, G=a&+hn+g. In this equation put 
Y=tX. It will then be found that X and Y can both be 
expressed as rational functions of #, and therefore # and y can 
be so expressed, the actual formulae being 


2(G + Ft) (G2) 


7 — aye oe’ Y eae 


Hence the process of rationalisation described in fe last section 
can be carried out. 


The reader should verify that 
he + by +f=— 4 (a+ 2ht + de) &, 


dt 


eee as | ee ae 
0 bbe i a+ 2ht + bt" 


ha+by+f 


When /? > ab it is in some ways advantageous to proceed as 
follows. The conic is a hyperbola whose asymptotes are parallel 


to the lines 
ax? + 2hay + by? =0, 


or b(y — ua) (y — p’x) =0, 
say Ifwe put y — wx =1, we obtain 
, 29a + 2 + Cc 
ie alt OME Fao 2 oli _ ; 
and it is clear that # and y can be calculated from these equations 


as rational functions of ¢ We shall illustrate this process by an 
application to an important special case. 


135. The integral | ae EIST 


yPaax?+2be+c, where a>0. It will be found that, if we put y+x/a=t, 
we obtain 


Suppose in particular that 


9 de _ (Pte) Ja+2bt — (+c) J/a+2bt 


ae Claro” aan 
and so 


ax dt b 
77 ligaxb7 va 8 wJaty+— Ei ee (1) 
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If in particular a=1, b=0, c=a’, or a=1, b= 0; c= —a’, we obtain 


[aga mbeetve+on,  [agemayabsletviet—e) | 2) 


equations whose truth may be verified eee by differentiation. With 
these formulae should be associated the third formula 


| TE ae PEEING SUING) cannes ewe aie eae (3), 
which corresponds to a case of the general integral of this section in which 
a<0O. In(8) itis supposed that a>0; ifa<0 then the integral is arc sin (2/|a() 
(cf. § 119). In practice we should evaluate the general integral by reducing it 
(as in the next section) to one or other of these standard forms. 


The formula (3) appears very different from the formulae (2): the reader 
will hardly be in a position to appreciate the connection between them until 
he has read Ch. X. , 


136. The integral | Wa ds Te integral can 


a + 2bc-+c) 
be integrated in all cases by means of the results of the preceding 
sections, It is most convenient to proceed as follows. Since 


ha + pp = (A/a) (aw + b) + w — (Ab/a), 


| we esas sr eeaiaes en +c). 


a? + 2bx+c) 
we have 
_Ovtp)de _»r 249 (u— ~) | de 
V(aa*-+ 2b +0) — 7 Vu + Bbw + 0) + Naas 2bate)’ 


In the last eae a may be positive or negative. If a is 
positive we put a /a + (b/ a = t, when we obtain 


alae a +x)’ 
where « = (ac — b?)/a. ie a iS negative we write A for —a and 


put #/A —(b//A)=t, when we obtain 


1 
i (— eee 
It thus appears that in any case the calculation of the integral 
may be made to depend on that of the integral considered in 
§ 135, and that this integral may be reduced to one or other 
of the three forms 


lagee + a?)’ la@tz ran)? oat 
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137. The integral | (hat p)/(ax?+2be+c)dx. In exactly the same 


way we find 


| (AAc+p) J/(axv?+2br+e)dar= (5) (ax? + 2bs +¢)8? 


+ ( =) (as? +202 be) des 


and the last integral may be reduced to one or other of the three forms 


| J (+a?) dt, | J (# - a?) dt, | J (a? — 2?) de. 


In order to obtain these integrals it is convenient to introduce at this point 
another general theorem in integration. 


138. Integration by parts. The theorem of integration by 
parts is merely another way of stating the rule for the differentia- 
tion of a product proved in § 113. It follows at once from 
Theorem (8) of § 118 that 


[7 @F@de=f@FO-[fOF @de 
It may happen that the function which we wish to integrate is 
expressible in the form /’(«) #(#), and that f() F” (@) can be 
integrated. Suppose, for example, that ¢ (a) = ap (x), where (x) 


is the second derivative of a known function y(«). Then 


b (a) dx = | xy” (x) da = xy’ (x) — | x’ (a) dx = xy" (x) — x (2). 
Je@de= |] ] 


We can illustrate the working of this method of integration by applying 
it to the integrals of the last section. Taking 


f(a)=an+b, F(«)=./(ax*+2br+e)=y, 
we obtain 


a [yctom (r+ dy - [OFT de (ar dy a [yao (ao—09 [, 


= ac— b* (dx 
2a y 


; 


so that fo 0 
and we have seen already (§ 135) how to determine the last integral. 
Examples XLIX. 1 Prove that ifa>0 then 
[ces a®\de=tx J/(2*+a") +407 log {a+ / (2? +07}, 
facet —a®)dx=$x /(x? — a?) — $a? log | e+,/(x? - a*)|, 


| Ma? — 22) daexh2./(a?— 0) 44a? aresin (2/a). 
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2. Calculate the integrals i Te il J (a? ~ x") dz by means of the 


substitution v=asin 0, and verify that the results agree with those obtained 
in § 135 and Ex. 1. 


3. Calculate | £(u+a)"dx, where m is any rational number, in three 


ways, viz. (i) by integration by parts, (ii) by the substitution (v+a)"=t, and 
(ili) by writing (v+a)-—a for x; and verify that the results agree. 


4, Prove, by means of the substitutions av+b=1/t and x=1/u, that (in 
the notation of §§ 180 and 138) 
dz ax+b rde _  brte 
yo dy’ 


Pp Ay * 


| da : : wie. cys 
5. Calculate | H@eaGear where b>a, in three ways, viz. (i) by 


the methods of the preceding sections, (ii) by the substitution (b- x)/(a—a)= ne 
and (iii) by the substitution =a cos?6+6sin?6; and verify that the results 
agree, 


6. Integrate /{(@-a)(b-2)} and /{(b—«)/(a—-a)}. 
7. Show, by means of the substitution 27+a+b=}(a—b) {2+ (1/t)}, 


or by multiplying numerator and denominator by //(«+a)- J(@ +6), that if 
a>b then 


eaavesn =4V(0-b) (t435). 


“aa Pipes : : dx 
8. Find a substitution which will reduce | (@@+a®+(enayi to the 
integral of a rational function. (Math. Trip. 1899.) 


9. Show that | K{x, Y(ax+b)}dx is reduced, by the substitution 
ax+b=y", to the integral of a rational function. 
10. Prove that 


Je (0) F(x) da= f' (a) F(a) — f(x) F’ (x) + [re F(a) dar 


and generally 


[70 Papdem fo-N(0) F(e) — fO-9 (0) F'(x)+...4(= I [ Fe) Fore) de. 


11. The integral | (1+)? 27 dx, where p and g are rational, can be found 


in three cases, viz. (i) if p is an integer, (ii) if g is an integer, and (iii) if 
p+q is an integer. [In case (i) put 2=w*, where s is the denominator of qs 
in case (ii) put 1 +%=7%, where s is the denominator of p; and in case (iii) put 
1+a=.t*, where s is the denominator of p.] 


i. 16 
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12. The integral | a™ (aa"+b)1dz can be reduced to the preceding 


integral by the substitution az*=b¢. [In practice it is often most con- 
venient to calculate a particular integral of this kind by a ‘formula of 
reduction’ (cf. Misc. Ex. 39).] 

13. The integral | R {a, J(ar+b), /(ce+d)} dx can be reduced to that of 


a rational function by the substitution 
4a= — (bla) {t+ (1/t)}? - (de) {¢— A/a). 
14, Reduce | R(x, y) dx, where y? (a — y)=<x*, to the integral of a rational 
function. [Putting y=tr we obtain x=1/{?(1—24}, y=1/¢ (1—-2)}.] 


15. Reduce the integral in the same way when (a) y (a -yP=2, 
(b) ‘(a#2+y*%)?=a? (x*-y*). [In case (a) put #w-y=t: in case (b) put 
w+ y%=t(e—y), when we obtain 2=a*t (¢? + a*)/(t4+ a4), y=a%t (t? — a*)/(t4+44).] 


ax 
16. Ify(w—y)*=x then i ea 4 log {(a —y)?— 1}. 


ax 1 2 +7 
2\2 — Dn2 — 42 nS Ree OO ee 
a7. If (x? +4") — 0 (a? y?) then [ ( 3 P 2) = slog ( 5 iE 


139. The general integral | R (a, y) dx, where y*=as?+2br +e. 


The most general integral, of the type considered in § 134, and associated with 
the special conic y?=az?+2br+e, is 


[Revxyae a (1), 


where Y¥=y?=aa2+2be+ce. We suppose that £ is a real function. 


The subject of integration is of the form P/Q, where P and Q are poly- 
nomials in x and ,/X. It may therefore be reduced to the form 
A+BI/X (A+BJ/X)(C-DJ/X) 
C+ DIX U7 — DPX 
where A, B,... are rational functions of x The only new problem which 
arises is that of the integration of a function of the form F',/.X, or, what is 
the same thing, G/,/.X, where G is a rational function of x And the integral 


= D+F YX, 


can always be evaluated by splitting up G into partial fractions. When we 
do this, integrals of three different types may arise. 


(i) In the first place there may be integrals of the type 
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where m is a positive integer. The cases in which m=0 or m=1 have been 
disposed of in § 136. In order to calculate the integrals corresponding to 
larger values of m we observe that 

(av+b)a™-1 — ax™4 Bum-lyyqm-2 

ae - | ew j 

where a, 8, y are constants whose values may be easily calculated. It is clear 
that, when we integrate this equation, we obtain a relation between three 
successive integrals of the type (3). As we know the values of the integral 
for m=0 and m=1, we can calculate in turn its values for all other values of m. 


= (aml ./ X)=(m— 1) an? f+ 


(ii) In the second-place there may be integrals of the type 


dz 
| Gap “ceecscetressscsesntneernen (4), 


where p is real. If we make the substitution s—p=1/t then this integral is 
reduced to an integral in ¢ of the type (3). 


(iii) Finally, there may be integrals corresponding to complex roots of the 
denominator of G. We shall confine ourselves to the simplest case, that in 
which all such roots are simple roots. In this case (cf. § 180) a pair of con- 
jugate complex roots of @ gives rise to an integral of the type 


Lv+M 
| (Ag 2B2+ 0). (ae Dbatey sieleleislalers aelsiclciereisisis siete (5). 
In order to evaluate this integral we put 


_ al 
where p» and »v are so chosen that 
Gpv+b(p+v)+e=0, Apv+B(u+v)+C=0; 
so that » and v are the roots of the equation 
(aB ~bA) £2 ~ (cA —a0) £+ (b0—cB) = 


This equation has certainly real roots, for it is the same equation as 
equation (1) of Ex. xvi. 12; and it is therefore certainly possible to find 
real values of » and »y fulfilling our requirements. © 


It will be found, on carrying out the substitution, that the integral (5) 
assumes the form 


er, tdt LK | d 
(at? +) (yt? + Ht (at? +) Vy? af 5) Seecescccecvoce 
The second of these integrals is rationalised by the substitution 


t 


NCTE) ea 
which gives 


lex J (ye? +8) z laze — By) uw? ‘ 


to 


16—- 
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Finally, if we put ¢=1/w in the first of the integrals (6), it is transformed into 
an integral of the second type, and may therefore be calculated in the manner 
just explained, viz. by putting u/./(y+6u?)=wa, te. 1//(yt?+8)=v.* 

Examples L. 1. Evaluate 

i fae ees | dee ay 
& f(a? +2443)? J(e-1)J/(e?4+))? J (e411) J 420-27)" 
2. Prove that 
lectin ats VE) 
(t-p) Vie—p)(@-Q} g-P NV \e-pl 
3. If ag?+ch?=-v<0 then 


; ds ee {vy (ax? +0)} 
(hat+g)/(av?+c) Jv oe ch-agxe | 
4, Show that lee Ge , where y?= a2? + 2bx% +c, may be expressed in one 
or other of the forms 
a tee axtyt+b (L+-%) +6+ YYo , Aare ee fin b (“+ 2%) +e 
Yo L— ivy % ¥% 


according aS a@4)?+2ba)+c is positive and equal to yo” or negative and equal 
to — Ae 
5. Show by means of the substitution y=,/(a2?+2bx2+c)/(#—p) that 
i ax _ dy 
(=p) Maw +2ba+e) J afy?—p)’ 
where \=op?+2bp+c, p=ac—b2 [This method of reduction is elegant but 
less straightforward than that explained in § 139.] 


6. Show that the integral 


ax 
Lal (30? + 27+1) a 
is rationalised by the substitution =(1+ y?)/(3—y?). (Math. Trip. 1911.) 
7. Calculate 


[oth ss (7-+1) da 
(24-4) J(u? +9) J(u? +9)° 


* The method of integration explained here fails if a/d=b/B; but then the 
integral may be reduced by the substitution ax+b=t. For further information 
concerning the integration of algebraical functions see Stolz, Grundziige der 
Differential-und-integralrechnung, vol. i, pp. 331 et seqg.; Bromwich, Elementary 
Integrals (Bowes and Bowes, 1911). An alternative method of reduction has been 
given by Sir G. Greenhill: see his A Chapter in the Integral Calculus, pp. 12 et. 
seq., and the author’s tract quoted on p. 236. 
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8. Calculate 
du 
(527 + 12448) /(5x? + 20-7)" 

[Apply the method of § 139. The equation satisfied by p and » is 
&+3£+2=0, so that »=-2, yv=—1, and the appropriate substitution is 
v= —(2¢+1)/(¢+1). This reduces the integral to 

-| tdt 
(42? ae 4) (4241) 1) /(9¢ — 4)" 
The first of these integrals may be rationalised by putting ¢//(9¢—4)=u and 
the second by putting 1/,/(9¢?—- 4)=».] 


9. Calculate 


le (w+1) de (c-1)dx 
(2a?—2e+1) /(382®—22+1)’ | Q22—6r+5) al (722 — 227 +19) ° 
(Math. Trip. 1911.) 


10. Show that the integral | R(x, y) dx, where 7?=ax?+2ba-+e, is ration- 


alised by the substitution t=(n—p)i(y +9), where (p, g) is any point on the 
conic y?=ax+2br+c. [The integral is of course also rationalised by the 
substitution ¢=(%—p)/(y—q): ef. § 134.] 


140. Transcendental Functions. Owing to the immense 
variety of the different classes of transcendental functions, the 
theory of their integration is a good deal less systematic than 
that of the integration of rational or algebraical functions. We 
shall consider in order a few classes of transcendental functions 
whose integrals can always be found. 


141. Polynomials in cosines and sines of multiples of 2. 
We can always integrate any function which is the sum of a 
finite number of terms such as 


A cos™ ax sin™ ax cos” bx sin™ ba..., 


where m, m’, n, n’,... are positive integers and a, b, ... any real 
numbers whatever. For such a term can be reed as the 
sum of a finite number of terms of the types 


acos{(pat+qb+...)a}, Bsin {(patqb +...) x} 


and the integrals of these terms can be written down at once. 
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Examples LI. 1. Integrate sin?xcos?2z, In this case we use the 
formulae . 
sin’ v=} (3sin ¢—sin 3x), cos? 2r=4(1+4 cos 47), 


Multiplying these two expressions and replacing sin «cos 47, for example, 
by -4 (sin 54—sin 37), we obtain | 


ie | (7 sin x—5 sin 3v+3 sin 54—sin 7x) dv 
= — 75 cos. 7+; cos 84 — Zh, cos 5u+ 445 cos 7x. 


The integral may of course be obtained in different forms by different 
methods. For example 


[snr cos* 2adr= ik cos! 4 — 4 cos? x + 1) (1 —cos? x) sin eda, 
which reduces, on making the substitution cos v=4, to 
[ue — 8¢#4-5t?—1) dt=+# cos’ x — 3 cos'x + 8 cos? x—- cos x. 


It may be verified that this expression and that obtained above differ only by 
a constant. 


2, Integrate by any method cosaa#cosbx, sinaxsin bx, cos arsin ba, 
cos?z, sin’z, costx, cos x cos 2% cos 3x, cos? 24 sin? 3.7, cos x sin’ x. [In cases of 
this kind it is sometimes convenient to use a formula of reduction (Misc. 
Ex. 39).] 


142. The integrals I x” cos « da, | x” sin «dx and associated 


integrals. The method of integration by parts enables us to 
generalise the preceding results. For 


fen cosadc«= «a”sina— nf ae sin x da, 


-t 
| o*sin adz=— 2" cos & +n for cos x da, 


and clearly the integrals can be calculated completely by a 
‘repetition of this process whenever n is a positive integer. It 


follows that we can always calculate i x” cos ax dx and | a" sin axda 


if n is a positive integer; and so, by a process similar to that of 
the preceding paragraph, we can calculate 


| P (a, cos az, sin ax, cos ba, sin ba, ...) dx, 


where P is any polynomial. 
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Examples LII. 1. Integrate asin, 2*cosxz, x2? cos?x, x sin? x sin? 2x, 
xan” 2 cos* a,ea7 sind @. 


2. Find polynomials P and @Q such that 
fiex- 1) cos v+(1—22) sin v} dv=P cos 7+Q sin x. 


3. Prove that | a” cos eda= P, cos #+@Q, sin 2, where 
Py=na®-1—n (n—1)(n—2)4a"-34.... Q,=a*—n (n—-1) vu"? +... 


143. Rational Functions of cos x and sin. The integral 
of any rational function of cosa and sinw may be calculated by 
the substitution tan }a=t. For 
1-#. . 2t da 2 
i en en ee, Y 
so that the substitution reduces the integral to that of a rational 
function of t. 


Examples LIII. 1. Prove that 


COS & = 


| sec xdx=log |sec x+tan wv |, i cosec 7 d=log | tan $2}. 


[Another form of the first integral is log | tan (}a +4 )|; a third form is 
4 log | (1+sin #)/(1 —sin x) |.] 


Pa eon xdaz= —log|cos |, Jeot zdu=log|sinx|, | sec? vdx=tan 2, 


| cosec? xdz= — cot 2, | tan x sec rdx=sec «x, | cot # cosec wde= — cosec x. 


[These integrals are included in the general form, but there is no need to 
use a substitution, as the results follow at once from § 119 and equation (5) 
of § 130.] 


3. Show that the integral of 1/(a+bcos x), where a+6 is positive, may 
be ah essed in one or other of the forms 


gab 1 J(b-+a)+t J(b-a) 
TE coe { Jf (=): Vian ea) t= a) | 


where ¢=tan 32, according as a?> 0? or a?<b?, If a?=b? then the integral 
reduces to a constant multiple of that of sec? or cosec? $x, and its value 
may at once be written down. Deduce the forms of the integral when a+6 
is negative. 
4, Show that if y is defined in terms of x by means of the equation 
(a+b cos x) (a—b cos y) =a? — 6, 
where a is positive and a?>6?, then as # varies from 0 to m one value of y 
also varies from 0 to 7. Show also that 
J (a? — b*) sin y sinz dz sin y 


Se a—bosy ° atbcosxdy a—beosy’ 
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and deduce that if0<x#< 7 then 
ode ee joneee (ec a+b 
atbeosx /(a?—b?) a+bcosx/" 


Show that this result agrees with that of Ex. 3. 


5. Show how to integrate 1/(a+bcosx+csin #), [Express bcosa+esin« 
in the form ./(b? +c?) cos (a—a).] 
6. Integrate (a+b cos #+c sin x)/(a+B cos4+y sin x) 
[Determine A, p, v so that 
a+bcos#+cesinc=A+p (at+Bcosr+ysin x)+v(—Bsin «+ y cos 2). 
Then the integral is 


wety logla+Bcose+ysina|+] as 


eer eyaine | 

ae Integrate 1/(a cos? +26 cos xsin x+c sin? x). [The subject of inte- 
gration may be expressed in the form 1/(4+Bcos2x+Csin 2x), where 
A=4t(a+c), B=4(a—c), C=b: but the integral may be calculated more 
simply by putting tan e=¢, when we obtain 


sec? xdx + dt = 
a+2btana+cetan?x }a+2bt+ct?’ 
144, Integrals involving arcsin z,arc tanz,andlog x. The 


integrals of the inverse sine and tangent and of the logarithm can 
easily be calculated by integration by parts. Thus 


[ aresin a de=waresine— [PO 
; V1 


— 1 — 7 
= #) gare sin 7+ /(1 — 2°), 


[are tan ede=waretane— {are tan e—$ log (1 + 2°), 


flog « de = «log « — [de =. (log e— 1). 


It is easy to see that if we can find the integral of y =f (x) 
then we can always find that of «= ¢(y), where ¢ is the function 
inverse to f/ For on making the substitution y = f(x) we obtain 


[o@ay=[af @ de =af@) - [f@ du 


The reader should evaluate the integrals of arcsin y and arc tan y 
in this way. 
Integrals of the form 


| ie (ae, are site) aa, | P(x, log x) dg, 
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where P is a polynomial, can always be calculated. Take the 
first form, for example. We have to calculate a number of integrals 


of the type i a” (arc sin z)"da Making the substitution #=sin y, 


we obtain | y” sin” y cos ydy, which can be found by the method of 
§ 142. In the case of the second form we have to calculate a number 


of integrals of the type | x” (log a)*dx. Integrating by parts we 
obtain 


gm nde at (loge) _ _ | m nda. 

J 2 (og a)" de = OE — 5 | a loge) de, 
and it is evident that by repeating this process often enough we 
shall always arrive finally at the complete value of the integral. 


145. Areas of plane curves. One of the most important 
applications of the processes of integration which have been 
explained in the preceding sections is to the calculation of areas 
of plane curves. Suppose that P,PP’ (Fig. 44) is the graph of 
a continuous curve y = ¢ (x) which lies wholly above the axis of 2, 
P being the point (a, y) and P’ the point (2 +h, y+), and h being 


either positive or negative (positive in the figure). 


p! 


_ © N, N N’ 
Fig. 44. 


The reader is of course familiar with the idea of an ‘area’, and 
in particular with that of an area such as ONPP,. This idea we 
shall at present take for granted. It is indeed one which needs 
and has received the most careful mathematical analysis: later on 
we shall return to it and explain precisely what is meant by 
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ascribing an ‘area’ to such a region of space as ONPP). For the 
present we shall simply assume that any such region has associated 
with it a definite positive number (ONPP,) which we call its 
area, and.that these areas possess the obvious properties ies 
by common sense, e.g. that 

(PEP) +(VN EP ye NN PP), OCONEE) < (Clee, 


’ and so on. 


Taking all this for granted it is obvious that the area ONEP, 
is a function of «; we denote it by ®(z). Also ® ) Is a 
continuous function. For 


® (e +h) — ® («) =(NN'P’P) 
= (NN’RP) +(PRP’) =hd (a) + (PRP). 


As the figure is drawn, the area PRP’ is less than hk. This is 
not however necessarily true in general, because it is not neces- 
sarily the case (see for example Fig. 44a) that the arc PP’ 
should rise or fall steadily from P to P’. But the area PRP’ 
is always less than |h|% (A), where 4 (h) is the greatest distance of 
any point of the are PP’ from PR. Moreover, since ¢(#) is a 
continuous function,  (h)>0 as h>0. Thus we have 


® (w+ h)— O(a) =h {$(a) + w (Mh 
where |u (h)|<2(h) and A(h) +O as h>0. From this it follows 
at once that ® (a) is continuous. Moreover 


© @)=1m B(e+h) (2) 


= lim {$ (@) + # @)} = 6 @). 
Thus the ordinate of the curve 1s the derivative “OF the area, and the 
area is the integral of the ordinate. 


We are thus able to formulate a rule for determining the 
area ONPP,. Calculate B(x), the integral of p(x). This involves 
an arbitrary constant, which we suppose so chosen that @ (0) =0. 
Then the area required 1s ® (x). 


If it were the area V, VPP, which was wanted, we should of course deter- 
mine the constant so that & (#;)=0, where 7 is the abscissa of ?;. If the 
curve lay below the axis of x, &(x) would be negative, and the area would be 
the absolute value of & (z). 
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146. Lengths of plane curves. The notion of the length 
of a curve, other than a straight line, is in reality a more difficult 
one even than that of an area. In fact the assumption that P,P 
(Fig. 44) has a definite length, which we may denote by S(z), 
does not suffice for our purposes, as did the corresponding as- 
sumption about areas. We cannot even prove that S () is con- 
tinuous, ze. that lim {S(P’)—S(P)}=0. This looks obvious 
enough in the larger figure, but less so in such a case as is shown 
in the smaller figure. Indeed it is not possible to proceed further, ' 


with ary degree of rigour, without a careful analysis of precisely ~ 


what is meant by the length of a curve. 


It is however easy to see what the formula must be. Let 
us suppose that the curve has a tangent whose direction varies 
continuously, so that ¢'(x) is continuous. Then the assumption 
that the curve has a length leads to the equation 


{S(@+h)—S(a)\/h ={PP}/h=(PP'/h) x {PP PP’, 
where {PP’} is the are whose chord is PP’. Now 


PP’ = (PR? + RP’) =h oy (1+ =) 
and k= (a +h) — $ (a) =h¢' (&), 


where & lies between 2 and a+h. Hence 
lim (PP’/h) =lim y{1 + [$F =V{1 + lo’ @E. 
If also we assume that 
lms ree = 1, 
we obtain the result 


S'(#) =hm {S (@ +h) — 8 (a)}/h=v {1 + [$' @)F} 
and so S(v)= | V{1+[¢’ (x) 7} dea. 


Examples LIV. 1. Calculate the area of the segment cut off from the 
parabola y=2"*/4a by the ordinate v=& and the length of the are which 
bounds it. 


2. Answer the same questions for the curve ay?= 3, showing that the 
length of the arc is 
8a 9£\ 5? 
37 ((1+as) ~3p- 


3. Calculate the areas and lengths of the circles 2?+ yaa, o+y?=2ar 
by means of the formulae of §§ 145—146, 
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4, Show that the area of the ellipse (?/a?) + (y?/b?)=1 is wab. 


5. Find the area bounded by the curve y=sinw and the segment of the 
axis of # from r=0 to x=2n. [Here ®(r%)=-—cosz, and the difference 
between the values of —cos x for =O and #=2z is zero. The explanation of 
this is of course that between «=m and r=27 the curve lies below the axis 
of x, and so the corresponding part of the area is counted negative in applying 
the method. The area from r=0 to =m is —cosm+cosO=2; and the 
whole area required, when every part is counted positive, is twice this, 
2.€. is 4.] 


6. Suppose that the coordinates of any point on a curve are expressed 
as functions of a parameter ¢ by equations of the type 2=@(2), y= (A), 
go and » being functions of ¢ with continuous derivatives. Prove that 
if x steadily increases as ¢ varies from ¢) to ¢,, then the area of the region 
bounded by the corresponding portion of the curve, the axis of x, and the two 
ordinates corresponding to ¢) and ¢,, is, apart from sign, A (¢;)—A (%), where 


A= [vod wat [y Fat. 


7. Suppose that C is a closed curve formed of a single loop and not 
met by any parallel to either axis in more than two points. And suppose 
that the-coordinates of any point P on the curve can be expressed as in Ex. 6 
in terms of ¢, and that, as ¢ varies from ¢ to 4, P moves in the same 
direction round the curve and returns after a single circuit to its original 
position. Show that the area of the loop is equal to the difference of the 
initial and final values of any one of the integrals 


dy 
~ fy Sat, fe dt, Ge ae ~y Gu 


this difference being of course taken positively. 


8. Apply the result of Ex. 7 to determine the areas of the curves 
given by 
: & on 1-7 Ys Qt od 3 a G- +3 
(i) a qeea) 7 ene (ii) xv=acos*t, y=bsinté. 
9. Find the area of the loop of the curve 23+y°=3azy. [Putting 
y=t« we obtain x=8at/(1+@), y=3at?/(1+@). As ¢ varies from 0 towards 
eo the loop is described once. Also 


Gar? 3a? 
af vi -# dae -4] 5G) a fc a 
which tends to 0 as t>2. Thus the area of the loop is $a*.] 
10. Find the area of the loop of the curve 2° +y°=5aa?y’*. 


11. Prove that the area of a loop of the curve v=asin 2t, y=asin¢ is 
4a%, (Math. Trip. 1908.) 
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12. The arc of the ellipse given by w=acost, y=bsint, between the 
points ¢=¢, and t=¢,, is F(t.) —L/'(t,), where 


FW=a | (Qe y di 


e being the eccentricity. [This integral cannot however be evaluated in 
terms of such functions as are at present at our disposal. ] 


13. Polar coordinates. Show that the area bounded by the curve 
r=f(0), where f(@) is a one-valued function of 6, and the radii 6=6,, 0= 4s, is 


F'(6,)-— F'(61), where £'(0)=4 | rd6. And the length of the corresponding 


arc of the curve is ©(62)—(6,), where 


vir [ fe} 


Hence determine (i) the area and perimeter of the circle r=2asin6; 
(ii) the area between the parabola r=$/sec?$6 and its latus rectum, and the 
length of the corresponding arc of the esi (ili) the area of the limagon 
v=a+bcos 6, distinguishing the cases in which a>}, a=b, and a<b; 
and (iv) the areas of the ellipses 1/r?=a@cos?6+2h cos @sin6+6sin?6 and 
l/r=1+ecos6. [In the last case we are led to the integral 


dé 
(1+¢ cos 6)?” 
which may be calculated (cf. Ex. tir. 4) by the help of the substitution 


(1+e cos 6) (l—ecosg)=1-¢.] 


14, Trace the curve 26=(a/r)+(7/a), and show that the area bounded 
by the radius vector 6=8, and the two branches which touch at the point 
r=d, @=1, is $a?(6?—1)3”, (Math. Trip. 1900.) 


15. <A curve is given by an equation p=f(r), r being the radius vector 
and p the perpendicular from the origin on to the tangent. Show that the 
calculation of the area of the region bounded by an arc of the curve and two 
nae dr 


radii vectores depends upon thav of the integral 4 [yes Jap’ 


MISCELLANEOUS EXAMPLES ON CHAPTER VI 


1. <A function /(x) is defined as being equal to 14+2 when #0, to x when 
O<r<1, to 2—% when 1SwxS2, and to 3-27 when «>2. Discuss the 
continuity of f(x) and the existence and continuity of f’(~) for «=0, x= ip 
and #=2. (Math. Trip. 1908.) 


2. Denoting a, ax+b, ax?+2brt+e, ... by uy, UW, Ue, .-, Show that 
1g? Ug — BUpU, Ug + 2u,* and wy uy —4u,Ug+3u_2 are independent of x. 
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18. The roots of a cubic f(#)=0 are a, 8, y in ascending order of magni- 
tude. Show that if (a, 8) and (8, y) are each divided into six equal sub-intervals, 
then a root of f’(#)=0 will fallin the fourth interval from 8 on each side. 
What will be the nature of the cubic in the two cases when a root of f’ (x) =0 
falls at a point of division ? (Math. Trip. 1907.) 


19. Investigate the maxima and minima of f(x), and the real roots of 
J (x)=0, f(#) being either of the functions 


“—sinaw—tana(1—cos 2), a—sin 2—(a—sina)—tan $a (cosa—cos 2), 


and a an angle between Oand z. Show that in the first case the condition for 
a double root is that tan a—a should be a multiple of 7. 


20. Show that by choice of the ratio X:p we can make the roots of 
A (ax? + bae+c)+p (a'a®?+b'x+c')=0 real and having a difference of any mag- 
nitude, unless the roots of the two quadratics are all real and interlace; and 
that in the excepted case the roots are always real, but there is a lower limit 
for the magnitude of their difference. (Math. Trip. 1895.) 


[Consider the form of the graph of the function (az? + b2+c)/(a'22+b'a+e y 
ef. Exs. XLVI. 12 e¢ seq.] 


ae 3 
21. Prove that pe Neale <4 rae aed 
a2(1— <2) 


when 0< <1, and draw the graph of the function. 


22. Draw the graph of the function 
1 


1 
a cot r“#—-— - —-. 
x x2£-1 


23. Sketch the ge form of the graph of y, given that 


_ (622 +2-1)(e- 1)? (w+1)° 


u- 2 (Math. Trip. 1908.) 


24. <A sheet of paper is folded over so that one corner just reaches the 
opposite side. Show how the paper must be folded i make the length of the 
crease a maximum. 


25. The greatest acute angle at which the ellipse (x?/a?)-+(y?/b?)=1 can 
be cut by a concentric circle is arc tan {(a? — b*)/2ad}. (Math. Trip. 1900.) 


26. Ina triangle the area A and the semi-perimeter s are fixed. Show that 
any maximum or minimum of one of the sides is a root of the equation 
s(a#—s) x?+4A?=0, Discuss the reality of the roots of this equation, and 
whether they correspond to maxima or minima. 

[The equations a+b+c=2s, s(s— a) (s—6) (s—c)=A? determine a and b 
as functions of c. Differentiate with respect to ¢, and suppose that da/de= 
It will be found that b=c, s-b=s—c=4a, from which we deduce that 
s(a—s) a?4+4A7=0. 
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This equation has three real roots if sf> 274%, and one in the contrary 
case. In an equilateral triangle (the triangle of minimum perimeter for a 
given area) st=27A?; thus it is impossible that st<27A2, Hence the 
equation in @ has three real roots, and, since their sum is positive and their 
product negative, two roots are positive and the third negative. Of the two 
positive roots one corresponds to a maximum and one to a minimum. | 


27. The area of the greatest equilateral triangle which can be drawn 
with its sides passing through three given points dA, B, C is 
a? + 62 + @ 
a, b, c being the sides and A the area of ABC. (Math. Trip. 1899.) 


2A+ 


28. If A, A’ are the areas of the two maximum isosceles triangles which 
can be described with their vertices at the origin and their base angles on the 
cardioid r=a (1+cos 6), then 256AA’=25at ,/5. (Math. Trip. 1907.) 


29. Find the limiting values which (x«?—- 4y+8)/(y?—-6x+3) approaches 
as the point (#, y) on the curve 2?y—4a?—- 4xy+y?4+16x2— 2y—7=0 ap- 
proaches the position (2, 3). (Math. Trip. 1903.) 

[If we take (2, 3) as a new origin, the equation of the curve becomes 
&n — €+77=0, and the function given becomes (£? + 4&— 4n)/(n?+6n —6é). If 
we put 7=¢&, we obtain =(1 —2?)/t, n=1—¢%. The curve has a loop branching 
at the origin, which corresponds to the two values ¢= — 1 and¢=1. Expressing 
the given function in terms of ¢, and making ¢ tend to - 1 or 1, we obtain the 
limiting values — 3, — %.] 


ae. 1 
Sl Je sinv—sina  («—a) cosa’ 
oe, 4 dim f(@)}— lim f’ (2) =3sec8 a—F, seca. 
da 2->a La 


(Math. Trip. 1896.) 
31. Show that if ¢(#)=1/(1+2%) then $™ (x)= Q, (x)/(1+22)"*}, auhere 
@,n(#) is a polynomial of degree x. Show also that 
(i) Qn4r=(1 +29) Qy’~2 (2 +1) &Qn, 
(il) Qng2+2(m+2)UQn41+(m+2) (2+ 1) (142%) Qr= 
(ili) (1427) Q,” —2nxQ,'+n(n+1) Q,=0, 


F ; 1 1 
(iv) Qn=(— Ital (n+ 1) 2% es n~ ab, 
(v) all the roots of Q@,=0 are real and separated by those of Q,_,=0. 


32. If f(x), p(x), p(x) have derivatives when a < «Sb, then there is 
a value of € lying between a and 6 and such that 


F(@) (4) (a) |=0. 
Fo) 66) (8) 
I® ¢€& we 
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[Consider the function formed by replacing the constituents of the third 
row by f (x), @ (7), % (x). This theorem reduces to the Mean Value Theorem 
(§ 125) when ¢ (7) = and > (x)=1.] 


33. Deduce from Ex. 32 the formula 
()-f(a) _ f'(é) 
p(b)-(a) #' (&) 
34. If @g@'(4)>a as r>o, then p(x)/v>a. If df’ (4) then 
b(z)-»o. [Use the formula ¢ (x) — > (2) =(4% — 2) ¢’ (€), where 19 < E< 2. | 


35. If d(r)>a as x>o, then ¢’ (z) cannot tend to any limit other than 
ZY. ; 


36. If p (r)+¢' (x)>a as x>o, then (x)><a and q’ (4) > 0. 

[Let d(7)=a+y(x), so that ~(x)+Y (x)+0. If yp’ (x) is of constant 
sign, say positive, for all sufficiently large values of x, then (x) steadily 
increases and must tend toa limit? orto o. If (x2) then W’ (1) +-o, 
which contradicts our hypothesis. If y(x)->d then y’ (x)>—J, and this 
is impossible (Ex. 35) unless 7=0. Similarly we may dispose of the case in 
which y’ (7) is ultimately negative. If y (x) changes sign for values of x which 
surpass all limit, then these are the maxima and minima of (x). If x has 
a large value corresponding to a maximum or minimum of y(.r), then 
W (7) +’ (2) is small and ¥’ (x) =0, so that W(x) is small. A fortiorz are the 
other values of yf (x) small when ~ is large. 

For generalisations of this theorem, and alternative lines of proof, see a 
paper by the author entitled “‘Generalisations ofa limit theorem of Mr Mercer,” 
in volume 43 of the Quarterly Journal of Mathematics, The simple proof 
sketched above was suggested by Prof. E. W. Hobson. ] 


37. Show how to reduce || R {as rel! (=~) ; eee OF tO 
ML+N ML+N 


the integral of a rational function. [Put mce+n=1/t and use Ex. xiix, 13.] 


38.. Calculate the integrals: 


[MGS fart 
ae +1 V(l+2)- 31+)’ 
5 cos. 7+6 
2 24 CO ; 
[J {e+ +./(#+ <) da, Jeosee vax, iE ware nae ax, 
an cos @ sin x dx 
(2—sin*.r)(2+sinz—sin?z)’ i cost x -+ sin! a’ j cosec #4/(sec 2a) dar, 


ee ee xt+sing » me ee 
Ji +sin x) (2+8in 2}? Teccen Sec 7 ax, (are sin «)*dx, 


: x“ are sin x are sin x are sin £ 
xv are sin « dx, Vie dx, a da, (+a)? dx, 


arctanx , arctan % ,_ we ,  [Reeeeo log (a+B2x) 
i a i (1-+4%)3? oa es (a+ bx)? a+hay 
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39. Formulae of reduction. (i) Show that 
, 4 ax _ wthp 
sc al Vera (P+ patg"} 
+008) [ope EyH 
[Put «+4p=1, ¢ . oe then we obtain 


dt 


[eek Jear7k fey 


=+ ey balers jae 
=. (2+r)"-1 2x(n—1)]° dt (2+d)"-1 , 


and the result follows on integrating by parts. 
A formula such as this is called a formula of reduction. It is most useful 
da 


when 7 is a positive integer. We can then express | Galea ay in terms 


of i Cesta raat and so evaluate the integral for every value of n in 
turn. ] 


(ii) Show that if Z,, g= |v? (1+2)'dx then 


(2+ 1) Lp, g=aP (1 +2)1— fy 41, q-1s 


and obtain a similar formula connecting Jpg with Zp_3,q41- Show also, by 
means of the substitution v= —y/(1+y), that 


Ing=(~1)?** [yp (Ly) P28, 
(iii) Show that if Y=a+bxr then 
| oX-'8 dx = —3 (3a —2bo2) X23/108%, 
| X18 der =3 (9a? — Gabe + 5b2a%) X 28/4088, 
| eX—4 da= —4 (4a —3bx) X34/910%, 
| OX -Wdgz=4 (32a? — 24absr + 21624?) 154/231 B3. 


: wmda 
(iv) If i= (+22)" then 


2 (2-1) Linn = — 6-1 (1 +30?) ~~ 1) 4 (1m —1) Ime, n-16 


2 


co) ats = | z*cosBedzx and J,= | 2” siiwBa daathen 


B/,=2" sin Be —NJ,_1, BJa=—2™ cos Batali, _}. 


17—2 
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(vi) If Z,= |cos" 2dx and Ju= [sin 2d then 


nl, =sin £ cos™~la4+(n—1)Iy-2, ndJ,= —cosxsin*-14+4+(n~1)Jy—o. 


(vii) If R= i tan” ede then (m—1)(In+J,_3)=tan"-1y, 


(viii) If In a= | cos” # sin" dx then 


(m+2) Ln,n= —Cos™t! xsin®-! ¢+(n%-1) Inn—2 


= cos™~lysin™t!y+4(m—1) In—2n- 
[We have 


(m+1) Inn=— finm-te (cos™*1 x) da 
= —cos™*1 xy sin®-1 ¢4+(n—1) feos? x sind 


= —cos™*1 x sin™-1 ¢+(n-1) (Imn—2— Inn); 


which leads to the first reduction formula. ] 


(ix) Connect: 7,4, = | sin” z sin nx dx withIy—on. (Math. Trip. 1897.) 


(dia = i a™ cosec” 7 dx then 
(1-1) (2-2) In, n= (2 — 2) Lm, n—2 +m (1-1) Im —2, n—2 

— «™~1 cosec"—1! x {m sin 4 + (n—2) « cos 2}. (Math. Trip. 1896.) 
(xi) If = (ard cos xz)~"dx then 
(n—1) (a? — 67), = — bsin x(a + bcos )~@-4(2n-3)al,_1—(n—2)Ly_o. 
(xii) If 1,= {( cos? 4+ 2h cos x sinz+bsin? x)-"dx then 
Ga, 
4n (n+1) (ab — I?) Inga 20 (20-41) (440) Ing rt dnt Ly= — SF 

(Math. Trip. 1898.) 


(xiii) If Innes f= (log x)" dw then (m+1) In,n=0™*? (log #7)" ~ Lm, n—1 


40, Ifn isa positive integer then the value of | x™ (log x)" dx is 


+1 {(logx)®  n(loga)"-1 | n(n—1)(loga)"-? | ee} 
*s m+i (m +1)? (m+1)8 ee" (ne LHF” 


41. Show that the most general function ¢ (x), such that ¢”+a’¢=0 for 
all values of x, may be expressed in either of the forms A cosaz+ 8B sin az, 
p cos(ax+e), where A, B, p, € are constants. [Multiplying by 2¢’ and 
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integrating we obtain ae where b is a ‘constant, from which we 


deduce that av= | zee 5 Teo)’ 4]| 


42. Determine the most general functions y and z such that y’+oz=0, 
and 2’—ey=0, where isa constant and dashes denote differentiation with 
respect to 2. 


43. The area of the curve given by 
sin asing 
1—cos*asin’¢ 


sin acos¢ 
1 —cos?a sin?’ 


v=cosg+ , ¥=sin d— 


where a is a positive acute angle, is $m (1+sin a)*/sin a. (Math. Trip. 1904.) 


44, The projection of a chord of a circle of radius @ on a diameter is of 
constant length 2a cos 8; show that the locus of the middle point of the chord 
consists of two loops, and that the area of either is a? (8—cos B sin B). 

(Math. Trip. 1903.) 


45. Show that the length of a quadrant of the curve (#/a)§+(y/b)3 = lis 
a? +ab+b?)/(a+b). Math. Trip. 1911. 
2 


46. A point A is inside a circle of radius a, at a distance 6 from the 
centre. Show that the locus of the foot of the perpendicular drawn from 
A to a tangent to the circle encloses an area m (a? +462), (Math. Trip, 1909.) 


47. Prove that if (a, 6, ¢, f,g, h¥a, y, 1)?=0 is the equation of a conic, then 


da: ed 
(l2+-my +7) (hatby+f) ° 8 pa tp, 
where P7, P7" are the perpendiculars from a point P of the conic on the 
tangents at the ends of the chord lz¢+my+n=0, and a, 8 are constants, 


(Math. Trip. 1902.) 
ax +-2ba +e 


(Ax? +2Bxr+4 Cy 
will be a rational function of x if and only if one or other of AC~ B? and 
aC+cA —20B is zero.* 


48. Show that dx 


49. Show that the necessary and sufficient condition that 
f@)_ a, 


where f and # are polynomials of which the latter has no repeated factor, 
should be a rational function of «, is that f’F’—fF" should be divisible by F, 


(Math. Trip. 1910.) 
50. Show that evar eo eey dx 
~ (l-ecosz? 


is a rational function of cos x and sin « if and only if ae+y=0; and determine 
the integral when this condition is satisfied. (Math. Trip. 1910.) 


* See the authov’s tract quoted on p. 236. 


CHAPTER VII 


ADDITIONAL THEOREMS IN THE DIFFERENTIAL AND 
INTEGRAL CALCULUS 


147. Higher Mean Value Theorems. In the preceding 
chapter (§ 125) we proved that if f(«) has a derivative TQ@ 
throughout the interval (a, b) then 


fo) -f(@=(- OF ©), 
where a< £<b; or that, if f(#) has a derivative throughout 
(a,a+h), then . 


© f(G+B) — SHH G+ Osh) ceereesreeee (1), 


where 0< 6,< 1. ‘This we proved by considering the function 


5s, (fO-f} 


which vanishes when « = a and when w= 0. 


Let us now suppose that f(#) has also a second —— 
ft’ (@) throughout (a, 6), an assumption which of course involves 
the continuity of the first derivative /’ (#), and consider the 
function 


F0)- Fe) — = a)f' (@)- ($=2) FO-fO-0- OS} 


This function also vanishes when «=a@ and when «= 0; and its 
derivative 1s 

2, 2(6-2 — x) Hy b vp 

aay LO-F@-O-OF ()- 40-9 F'@), 


and this must vanish (§ 121) for some value of # between a and b 
(exclusive of a and 6). Hence there is a value & of 2, between 
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a and 6, and therefore capable of representation in the form 
a+ 0,(b — a), where 0 < 6, <1, for which 


S(b) =f (a) + (6 — a) fi" (a) +4 (6 — aff" (E). 
If we put b=a+h we obtain the equation 
fath=f(a)+hf (a) + 4h" (a+ Oh) ......... (2), 
which is the standard form of what may be called the Mean Value 
Theorem of the second order. 


The analogy suggested by (1) and (2) at once leads us to 
formulate the following theorem: 


Taylor’s or the General Mean Value Theorem. Jf 
F(a) is a function of x which has derivatives of the first n orders 
throughout the interval (a, 6), then 


fb)=f(a) + (b-a) f(a) + Coe f (a) +. 


+ Ca SEE for (a) +L =D" pong, 
wherea< &<b; and ifb=a-+h then 
flat hy=f(a)+hf (a) +4h?f" (a)4+... 


jn hn 
= 2 Oe a 
where 0<6@,< 1. 


The proof proceeds on precisely the same lines as were adopted 
before in the special cases in which n=1 and n=2. We consider 
the function | 


F,(«) — (i "| Fn (a) 


where Fy (2)=/)-f @)-G-a)f’ (@) -C 5 pr @— 
: b—x 
ee _ a a 


- This function vanishes for =a and «= 5; its derivative is 
n(b— a)" b— a)" 
ena ai \Fr (a) — ( = ) f™ ()} ; 


and there must be some value of x between a and b for which 
the derivative vanishes. This leads at once to the desired result. 
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In view of thé great importance of this theorem we shall give 
at the end of this chapter another proof, not essentially distinct 
from that given above, but different in form and depending on 
the method of integration by parts. 


Examples LV. 1. Suppose that f(x) is a polynomial of degree r. 
Then f(x) is identically zero when x>r, and the theorem leads to the 
algebraical identity 


fath=f(@tHf (a+ Ff" (+S $0 (0) 


2. By applying the theorem to f(x)=1/z, and supposing # and #+h 
positive, obtain the result 


2 (—)\r-1lpn-l — 1\nfn 
ee (—1)"h 


aph eet gb ga (2+ Onh)r 1° 
’ 1 ok Le (a1 1a 
ue eth a at gh tga «Fe py? 


we can verify the result by showing that #"(7+h) can be put in the form 
(x+0,h)"*}, or that 2™+! <a" (4+h) <(e+h)"*}, as is evidently the case. ] 


3. Obtain the formula 


a 3 
sin (w-+h)=sin 2+heos. eS sine—,, 008 a+... 
f2n-l 
+(-1)- On ay ——a~, COS B+ (— 1)" £™ sin (0+ Bayh), 


the corresponding formula for cos(#+), and similar formulae involving 
powers of 4 extending up to A7"*), 


4. Show that if m is a positive integer; and 7 a positive integer not 
greater than m, then 


(2+hy*= a" + G ) arth... f = aan) (a +6,h)m—" hn, 


Show also that, if the interval (#, 7+) does not include 7=0, the formula 
holds for all real values of m and all positive integral values of 2; and that, 
even if e<O<w+h or 4+h<0<zx, the formula still holds if m—n is 
positive. 

5. The formula f(a2+h) =f («) +h (v7+6,h) is not true if f(v)=1/x and 
x<O<a+h, [For f(w+h)—f(x)>0 and Af’ (a+ 6h) = —h/(a+6,h)? <0: it 
is evident that the conditions for the truth of the Mean Value ‘Theorem are 
not satisfied. | 

6. If s=-a, h=2a, f(#)=28, then the equation 

flw+hy=f (a) hf’ (w+ Oh) 
is satisfied by 6,=$+,\./3. [This example shows that the result of the 
theorem may hold even if the conditions under which it was proved are 
not satisfied. } , 
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7. Newton's method of approximation to the roots of equations. Let 
€ be an approximation to a root of an algebraical equation f(x)=0, the actual 
root being +4. Then 


O=f(E+M =f (E) +A (E) +4F" (E+ Oh), - 


iY 


— FE) apy fF (E+ Ooh) 

so that h=—- rae) th re’ 

It follows that in general a better approximation than r= Exig 
J(é) 
pS) 
If the root is a simple root, so that f’(€+A)+0, we can, when & is smal] 
enough, find a positive constant K such that | f’(w)|> XK for all the values of 
# which we are considering, and then, if A is regarded as of the first order of 


smallness, f(&) is of the first order of smallness, and the error in taking 
E—{f(8//' (©} as the root is of the second order. 


H=E- 


8. Apply this process to the equation #?=2, taking £=3/2 as the first 
approximation. [We find h= —1/12, £+4=17 /12=1°417..., which is quite a 
good approximation, in spite of the roughness of the first. If now we repeat 
the process, taking £=17/12, we obtain €+h=577/408=1-414215..., which 
is correct to 5 places of decimals. 


9. By considering in this way the equation «2—1- y=0, where y is 
small, show that /(l+y)=1+4y-{(49?/(24+ y)} approximately, the error being 
of the fourth order. 


10. Show that the error in taking the root to be E-(f1F) -$ PLP), 
where & is the argument of every function, is in general of the third order. 


11. The equation sin c=az, where a is small, has a root nearly equal to 
m. Show that (l—a) a is a better approximation, and (1—a+a?)r a better 
still, (The method of Exs. 7—10 does not depend on f(#)=0 being an 
algebraical equation, so long as f’ and f” are continuous. | 


12. Show that the limit when 40 of the number 6, which occurs in 
the general Mean Value Theorem is 1/(n+1), provided that f@+1)(x) is 
continuous. 


[For f (c+) is equal to each of 


hn hn n+1 
F@)+o tI (C+Ouh), f (0) + ot ™ f(a) + Goat + Oya sb) 


where 6,41 a8 well as 6, lies between 0 and 1. Hence 
(n+1 
FO) (00+ Oh) = fC) (2) + eae!) 


But if we apply the original Mean Value Theorem to the function JMG), 
taking 6,/ in place of h, we find | 
FO) ( +6,h) =f (22) +O, hf +1) (7 + 60, h), 
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where 6 also lies between 0 and 1. Hence 
FO (e4 Byer B) 
g1 . = 
from which the result follows, since f*)(x+66,/) and f(*))(% +6, 41h) tend 
to the same limit f+)(7) as h>0.] 


On f*) (4 + 00,4) = 


13. Prove that { f(x+2h)—2f(x+h)+f (x)}/>f" (x) as h~0, provided 
that f” (x) is continuous. [Use equation (2) of § 147.] 

14, Show that, if the f(x) is continuous for z=0, then 

SF (£2) =A +O, % +g 0? +... 4+ (Ant eq) 2", 
where a,= f(")(0)/r! and ¢,>0 as x>0.* 
15. Show that if . 
Ag+ ay t+ aga? +... + (Ant ez) = by +b, 24 box? +... + (by +z) 2", 

where e, and 7, tend to zero as v0, then ay= bo, a,=by, ..., Gx=bn. [Making 
z->0O we see that a=b). Now divide by w and afterwards make «0. 
We thus obtain a,=),; and this process may be repeated as often as is 
necessary. It follows that if f (©) =A + £4 a0? +...+(ay+ez) 2", and the 
first n derivatives of f(x) are continuous, then a,=f((0)/r !.] 

148. Taylor’s Series. Suppose that f(x) is a function all 
of whose differential coefficients are continuous in an interval 
(a —7, 4+) surrounding the point «=a. Then, if h is numeri- 
cally less than », we have 


OMe Dea (O) Gaeta apt @+e fo +Oq h), 


where 0 < 6,,< 1, for all values : mn. Onat 
-1 hy hn 
= FO@), Bn = Sa + Gab), 


we have _ f(at+h)—-S, = Ry. | 
Now let us suppose, in addition, that we can prove that 
R,z>Oasn>o. Then 


f(at+h)=hlmS. =f(a)t hf (+ pf" (ate... 


This expansion of f(a+h) is known as Taylor’s Series. 
When a=0 the formula reduces to 


f(b) =fO) +H (O) +55 f" O) + 


* It is in fact sufficient to suppose that 7 (") (0) exists. See R. H. Fowler, ‘‘The 
elementary differential geometry of plane curves” (Cambridge Tracts in Mathe- 
matics, No. 20, p. 104). 
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which is known as Maclaurin’s Series. The function R, is known 
as Lagrange’s form of the remainder. 


The reader should be careful to guard himself against supposing that the 
continuity of all the derivatives of f(x) is a sufficient condition for the validity 
of Taylor’s series. <A direct discussion of the behaviour of 2, is always 
essential. 


Examples LVI. 1. Let f(x)=sinz. Then all the derivatives of f(x) 
are continuous for all values of z. Also |f"(x)| 1 for all values of x and n. 
Hence in this case | 2,| < A"/n!, which tends to zero as n->-0 (Ex, xxvil. 12) 
whatever value 4 may have. It follows that 

: i? hs ht 
sin (v+h)=sin c+h cos #— = sin x—- 55 cos 2+7, 


a1 o 7{ Sinton 
for all values of « and 4. In particular 
& ge 
sinh=h— + peng 
for all values of A. Similarly we can prove that 
2 3 . 2 4 
cos (2+) =cos e—hsine— cos e+ o sin’+..., cosh=1— = Ae 


2. The Binomial Series. Let f(7)=(1+.)", where m is any rational 
number, positive or negative. Then f@(«”)=m(m—1)...(m—n+1)(1+4+2)™—™ 
and Maclaurin’s Series takes the form 


(l+2)"= 1+(7 \a a ») ae 


When ™m is a positive integer the series terminates, and we obtain the 
ordinary formula for the Binomial Theorem with a positive integral exponent. 
In the general case 


of) (0,50) = fe *) en +8 ayn, 


and in order to show that Maclaurin’s Series really represents (1+.r)™ for 
any range of values of x when m is not a positive integer, we must show that 
Rn->O for every value of x in that range. This is so in fact if -l<#<l, 
and may be proved, when 0S .7<1, by means of the expression given above 


for Ry, since (1+6,7)"-" <1lif x>m, and @ a” >0 as n-> o (Ex. xxvii. 18). 


But a difficulty arises if -1<# <0, since 1+ 6, <1 and (14+6n7)""-">1 if 
n>m; knowing only that 0 <6, <1,we cannot be assured that 1+ 6, is not 
quite small and (1+6,2)™~" quite large. 


In fact, in order to prove the Binomial Theorem by means of Taylor’s 
Theorem, we need some different form for Rn, such as will be given later 


(§ 162). 
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149. Applications of Taylor’s Theorem. A. Maxima 
and minima. ‘Taylor's Theorem may be applied to give greater 
theoretical completeness to the tests of Ch. VI, §§ 122—123, 
though the results are not of much practical importance. It 
will be remembered that, assuming that ¢ (a) has derivatives of 
the first two orders, we stated the following as being sufficient 
conditions for a maximum or minimum of ¢(«#) at «=€: fora 
maximum, p (E)=0, 6’ (&)<0; for a minimum, 6'(&)=0, 6”(£)>0. 
It is evident that these tests fail if 6” (£) as well as ¢’ (€) is zero. 

Let us suppose that the first n derivatives 


P(t), P' (2), wo G™ (a) 
are continuous, and that all save the last vanish when «= & Then, 
for sufficiently small values of h, 


b(E +) —6( =", gE + Oh), 


In order that there should be a maximum or a minimum this 
expression must be of constant sign for all sufficiently small 
values of h, positive or negative. This evidently requires that n 
should be even. And if ” is even there will be a maximum or a 
minimum according as $™ (£) is negative or positive. 

Thus we obtain the test: if there is to be a maximum or 
minimum the first derivative which does not vanish must be an even 
derivative, and there will bea maximum if it is negative, a minimum 
of ut is positive. 

Examples LVII. 1. Verify the result when ¢(x)=(2-a)™, m being a 
positive integer, and é=a. 

2. Test the function (7—a)” (x —b)", where m and » are positive integers, 
for maxima and minima at the points =a, =b. Draw graphs of the 
different possible forms of the curve y=(r2—a)™(x — b)". 


ce: x ae 
3. Test the functions sinz—x, sinc -#+— g? Sine-a+E—qoH9 
Ui ages , we = 
cos 7—1, cos.r— ea ae 1+— ——,... for maxima or minima at v=0. 


2 3 94 


150. B. The calculation of certain limits. Suppose 
that f() and ¢ (a) are two functions of # whose derivatives /” (x) 
and q@’ (a) are continuous for «=€&: and that f(&) and ¢ (€) are 
both equal to zero. Then the function 


v (2) =f ()/$ (2) 
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is not defined when «= & But of course it may well tend toa 
limit as v~>€. 


Now F(@) =f (@) — FE) = (@ — E) fF (@), 
where a, lies between £ and «; and similarly ¢ (x) = (a — £) ¢’ (a2), 
where x, also lies between € and z Thus | : 

v (2) =f" (a)/6 (#2). 
We must now distinguish four cases. 
(1) If neither /’ (€) nor ¢’ (&) is zero, then 
F(ab (@) +f (E)/¥' (€). 
(2) If /’(E)=0, ¢' (€) +0, then 
F (@)/$ (2) 9. 

(3) Tff' (E) +0, $ (€) =0, then /(x)/ (x) becomes numerically 
very large as «->&: but whether f(x)/d(ax) tends to » or —o, 
or is sometimes large and positive and sometimes large and 
negative, we cannot say, without further information as to the way 
in which ¢’ (v)>0 as w-+€. 

(4) If f’(&)=0, $'(&)=0, then we can as yet say nothing about 
the behaviour of f(x)/¢ (a) as 2~>0. 


But in either of the last two cases it may happen that f(«) 
and ¢(#) have continuous second derivatives. And then 


IONS FOV Gl (@ = 2) SF Cie oe £7" (x), 
p (a) = (x) — $(E)—(w@— BE) & () = 4 (w— Eh” (a), 


where again x, and 2, lie between & and 2; so that 


W (a) =f" (a1)/" (a2). 
We can now distinguish a variety of cases similar to those 
considered above. In particular, if neither second derivative 
vanishes for «= &, we have 


F(a) p (@)>f" (&)/$" (). 


It is obvious that this argument can be repeated indefinitely, 
and we obtain the following theorem: suppose that f(x) and $(2) 
and their derwatives, so far as may be wanted, are continuous for 
a=€ Suppose further that f'?)(c) and (x) are the first 
derwatives of f (x) and (x) which do not vanish when « = &. Then 


(1) fp=q f(=)/b(a)+f” (6/6 6; 
(2) op>q f(x)/p(«)>9; 
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(3) if p<q, and q—p is even, either f(a)/ (x)—>+0 or 
I (2)/$ (a) >— &, the sign being the same as that of f') (E)/b (€); 


(4) of p<q and q—p is odd, either f()/b(2)~+0 or 
I (2)/$(@) +>— 20 as +£&+0, the sign being the same as that of 
FT (E)/b (E), while of «>F&—0 the sign must be reversed. 


This theorem is in fact an immediate corollary from the 
equations 


f@)= <S C—EP fH (@), $(0)= — EY pi0 (as) 


Examples LVIII. 1. Find the limit of 
{e-—(n+1) a+} + nant 2h 171 — 27)2, 


as x1. [Here the functions and their first derivatives vanish for r=, 


and f"(1)=n(n+1), $” (1)=2.] 
2. Find the limits as r—0 of 
(tan z—x)/(c—sinx), (tannx—n tan x)/(nsmxc—sin Ni). 
3. Find the limit of #{/(a?+a?)—a} asv>o. [Put c=1/y.] 
4. Prove that 
(SDE 


lim (w —2) cosecam = 2 im 
r>n 7 ry F—-1 


{eosee aw =F 2) ~ |. is ae 


n being any integer; and evaluate the corresponding limits involving cot az. 


5. Find the limits as r~0 of 


Ga = us eo 
Eas zw 6)? #8 Cade ad 


6. (sin arc sin 7 — 2*)/a°-> 7, (tan xarc tan 7 ~ 2*)/28>2, as x>0, 


151. C. The contact of plane curves. ‘T'wo curves are 
said to intersect (or cut) at a point if the point lies on each of them. 
They are said to touch at the point if they have the same tangent 
at the point. 


Let us suppose now that f(x), ¢(«) are two functions which 
possess derivatives of all orders continuous for x= &, and. let us 
consider the curves y=/(x), y= (a). In general f(£) and ¢ (&) 
will not be equal. In this case the abscissa « = £ does not corre- 
spond to a point of intersection of the curves. If however 
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t (© = $ (&), the curves intersect in the point 2=£, y=/(&)=¢(&). 
Let us suppose this to be the case. Then 


in order that the curves should not only 
cut but touch at this point it 1s obviously 
necessary and sufficient that the first 
derivatives f’ (x), ¢’ (a) should also have 
the same value when w= €. 


The contact of the curves in this 
case may be regarded from a different 
point of view. In the figure the two 
curves are drawn touching at P, and QR 


is equal to P(E +h) —f (E +h), or, since $(€)=f(E), 6 (E)=/ (&), to 
he (p" (E+ Oh) —f” (E + Oh)}, 


where @ lies between 0 and 1. Hence 


tim = 4 (6" ("© 


when h—0. In other words, when the curves touch at the point 
whose abscissa is &, the difference of their ordinates at the pont 
whose abscissa is E+h ws at least of the second order of smallness | 
when h vs small. 


The reader will easily verify that lim (Q2/h)=q' (€)—f’ (€) when the curves 
cut and do not touch, so that QF is then of the first order of smallness only. 


O — E§+h xX 
Fig. 45. 


It is evident that the degree of smallness of QR may be taken © 
as a kind of measure of the closeness of the contact of the curves. — 
It is at once suggested that if the first n—1 derivatives of f 
and @ have equal values when w= &, then QF will be of the 
nth order of smallness; and the reader will have no difficulty 
in proving that this is so and that 


tim SE = pgm e) —F (6) 


We are therefore led to frame the following definition: 


Contact of the nth order. Jf /(&)=¢(&), f/ (=¢' (8), 
ey FO(GO=h™ (E), bué KOO (E+ 6° (f), then the curves 
y=f (a), y= (a) will be sard to have contact of the nth order 
at the point whose abscissa is &. 

The preceding discussion makes the notion of contact of the 
nth order dependent on the choice of axes, and fails entirely 


|. 


hd 


\ 
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when the tangent to the curves is parallel to the axis of y. We can 
deal with this case by taking y as the independent and 2 as the 
dependent variable. It is better, however, to consider # and y as 
functions of a parameter t. An excellent account of the theory will 
be found in Mr Fowler’s tract referred to on p. 266, or in de la 
Vallée Poussin’s Cours d’ Analyse, vol. 1, pp. 396 et seq. 


Examples LIX. 1. Let-¢ (#)=axr+b, so that y=¢ (2) is a straight line. 
The conditions for contact at the point for which r=€ are f(€)=aé+b, 
J’ (§)=a. If we determine a and 6 so as to satisfy these equations we find 
a=f'(é), b=f(£)—&f' (é), and the equation of the tangent to y=f (zr) at the 


point z=€ is 
y= 2xf" (E)4{F (E)- EF (hs 
or y—f ()=(a—-£)f' (€. Of. Ex. XXXIX, 5, 


2. The fact that the line is to have simple contact with the curve 
completely determines the line. In order that the tangent should have 
contact of the second order with the curve we must have /” (£)=¢" (&), ae. 
f’ (€)=0. A point at which the tangent to a curve has contact of the 
second order is called a point of inflexion. 


3. Find the points of inflexion on the graphs of the functions 324 — 67? +1, 
2x/(1+x*), sinz, a cos*x+bsin?z, tan x, are tan x. 
4, Show that the conic a2?+ 2hxy + by?+2qga+2fy+c=0 cannot have a 
point of inflexion. [Here ax+hy+g+(hei+by+/f)y,=0 and 
at+2hy, + by? + (ha + by +f) y2=0, 
suffixes denoting differentiations. Thus at a point of inflexion 
at Qhy, + by;?=0, 
or a (ha + by +f)? - 2h (aat hy +g) (hat by +f) +b (aa+hy+g9)=0, 
or (ab — h?) fav? + Qhay + by? + 292+ 2fy} + af? — 2fgh + bg?=0. 
But this is inconsistent with the equation of the conic unless 
af?—2fght+bg?=c(ab—h?) .« 
or abe+2fgh—af?—bg?-—ch?=0; and this is the condition that the conic 
should degenerate into two straight lines.] 
5. The curve y= (ax? + 2ba+c)/(az?+2R8x2+y) has one or three points of 
inflexion according as the roots of az?+2@8x%+y=0 are real or complex. 


[The equation of the curve can, by a change of origin (cf. Ex. xvi. 15), be 
reduced to the form 


n=E(AL+2BE+ C)=El{A (E—p) (E—9)}, 
where p, q are real or conjugate. The condition for a point of inflexion will 
be found to be &—3p9é+pq(y+q)=0, which has one or three real roots 
according as {pqg(p—gq)} is positive or negative, z.e. according as p and q are 
real or conjugate. ] 
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6. Discuss in particular the curves y= (1 —.)/(1+2*), y=(1—.?)/(1+.2%), 
y= (1+ 2?)/(1 — 2), 


7. Show that when the curve of Ex. 5 has three points of inflexion, they 
lie on a straight line. [The equation °—3pq&+ pq (p+q)=0 can be put in 
the form (€—p) (-—¢) (+ 9+ 9)+(p— 9)? £=0, so that the points of inflexion 
lie on the line £+.4 (p—g)?n+p+q=0 or AE—4(AC— B*) n=2B.] 


8. Show that the curves y=xsinz, y=(sinx)/x have each infinitely 
many points of inflexion. 


9. Contact of a circle with a curve. Curvature*. The general 
equation of a circle, viz. 


ARS) (OST) 1 (1), 


contains three arbitrary constants. Let us attempt to determine them so 
that the circle has contact of as high an order as possible with the curve 


y=f (2) at the point (6, ), where »=/(£). We write m, nz for /’ (6), f” (6). 
Differentiating the equation of the circle twice we obtain 
(C=) =D) Wie cszgiiesc cc sd es caceesecerens 2), 
1 Gilat 2) RD Oia 0) vont esencdvenessnsecnaveeves (3). 


If the circle touches the curve then the equations (1) and (2) are satisfied 


when #=£, y=n, yi=m. This gives (£-a)/m=—(y—-b)=r/Jt+m%). If 
the contact is of the second order then the equation (3) must also be satisfied 
when yg=72. Thus b=y+{(1+7,?)/n2}; and hence we find 
2 2 2)3/2 
ae a ) b= yp a pe 
12 12 "2 

The circle which has contact of the second order with the curve at the point 

(&, 7) is called the circle of curvature, and its radius the radius of curvature. 


The measure of curvature (or simply the curvature) is the reciprocal of the 
radius : thus the measure of curvature is f” (€)/{1+[/’ (€)F} 3, or 


dn /{ dy\2) 322 
ae/{+(ae) 
10. Verify that the curvature of a circle is constant and equal to the 


reciprocal of the radius ; and show that the circle is the only curve IVS 
curvature is constant. 


1]. Find the centre and radius of curvature at any point of the conics 
| y=4aa, (4/a)?+(y/bP=1. 


12. In an ellipse the radius of curvature at P is CD3/ab, where CD is 
the semi-diameter conjugate to CP. 


* A much fuller discussion of the theory of curvature will be found in Mr Fowler’s 
_ tract referred to on p. 272. s 


H. 18 
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13. Show that in general a conic can be drawn to have contact of the 
fourth order with the curve y=/() at a given point P. 


{Take the general equation of a conic, viz. 
an? + 2hay + by* + 29x + 2fy+c=0, 
and differentiate four times with respect to 2 Using suffixes to denote 
differentiation we obtain 
ax+hy+g+(hit+by+f)ys=9, 
at 2hy, + by? + (hat by +f) y.=0; 
3 (h+by1) yot (hat by +f) ys=9, 
4 (h+ by) yst Bby2? + (hat by +f) ys=0. 
If the conic has contact of the fourth order, then these five equations must 


be satisfied by writing & 7, m1, 2) 13, n4 for 7, Y, Y1) Yo) Yas Yaw We have thus 
just enough equations to determine the ratios a: b:e:fig:h.] 


14. An infinity of conics can be drawn having contact of the third order 
with the curve at P. Show that their centres all lie on a straight line. 


[Take the tangent and normal as axes. Then the equation of the conic is 
of the form 2y=az?+42hxy+by*, and when x is small one value of y may be 
expressed (Ch. V, Misc. Ex. 22) in the form 


y= tax? + (Sah + €,) x3, 
where ¢,—0O with x But this expression must be the same as 
y=f" (0) + BP" (0) tex} 2%, 
where ¢,’->0 with x, and so a=f” (0), A=f”” (0)/3f” (0), in virtue of the result 
of Ex. tv. 15. But the centre lies on the line aa+hy=0.] 


15. Determine a parabola which has contact of the third order with the 
ellipse (#/a)?+(y/b)?=1 at the extremity of the major axis, 


16. The locus of the centres of conics which have contact of the third 
order with the ellipse (1/a)?+(y/b)?=1 at the point (a cosa, bsina) is the 
diameter x/(acosa)=y/(bsin a). {For the ellipse itself is one such conic.] 


152. Differentiation of functions of several variables. 
So far we have been concerned exclusively with functions of a 
single variable 2, but there is nothing to prevent us applying the 
notion of differentiation to functions of several variables a, y, .... 


Suppose then that f(a, y) is a function of two* real variables 
«and y, and that the limits 


fin Seth yf (ay) 
h>0 h 


lim 
k~>0 


eS 


* The new points which arise when we consider functions of several variables 
are illustrated sufficiently when there are two variables only. The generalisations 
of our theorems for three or more variables are in general of an obvious character. 
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exist for all values of w and y in question, that is to say that 
J (#,y) possesses a derivative df/da or D,f (x,y) with respect to x 
and a derivative df/dy or D, f(a, y) with respect to y. It is usual 
to call these derivatives the partial differential coefficients of f, and 
to denote them by 

oo 


Ox’ OY 
or fe (2,9), fy (%Y) 
or stmply fz, fy’ or fz, fy. The reader must not suppose, however, 
that these new notations imply any essential novelty of idea: 
‘partial differentiation’ with respect to w is exactly the same 
process as ordinary differentiation, the only novelty lying in the 
presence in f of a second variable y independent of a. 


In what precedes we have supposed # and y to be two real 
variables entirely independent of one another. If # and y were . 
connected by a relation the state of affairs would be very different. 
In this case our definition of Jz: would fail entirely, as we could 
not change 2 into +h without at the same time changing 1. 
But then /(«,y) would not really be a function of two variables 
at all. <A function of two variables, 4s we defined it in Ch. II, 
is essentially a function of two independent variables. If y depends 
on #, y is a function of x, say y= (a); and then 


F (4, =f {a, $(x)} 
is really a function of the single variable «. Of course we may also 
represent it as a function of the single variable y. Or, as is often 
most convenient, we may regard # and y as functions of a third 
variable ¢, and then f(#, y), which is of the form /{¢ (é), ap (€)} 
is a function of the single variable t. 


’ 


Examples LX. 1. Prove that if s=rcos0, y=rsih 6, so that r= /(x? + 7°), 
é=arc tan (y/x), then 


——a a Se 06 2 06 x 
CS CES OB 


or Ox 06 
we were considering a function y of one variable 2 it followed from the 
detinitions that dy/dx and dz/dy were reciprocals. This is no longer the 


18—2 


2. Account for the fact that oa il / (5) and GE ass / (35) [When 


276 ADDITIONAL THEOREMS IN THE CALCULUS [Vil 


case when we are dealing with functions of two variables. Let P (Fig. 46) 
be the point (x, y) or (r, 6). To find r/o we must increase «, say by an 
increment MM,=$x, while keeping y constant. This brings P to Py. If 
along OP; we take OP’=OP, the increment of r is P’P,=6r, say; and 
dr/dx=lim (87/dx). If on the other hand we want to calculate dv/ér, x and 
y being now regarded as functions of r 

and 6, we must increase 7 by Av, say, P, 


keeping 6 constant. This brings P to : 
P., where PP,=Ar: the corresponding 
P 


increment of z is MM,;=Az, say; and 


Py 
0x /Or=lim (Ax/Ar). Z 
Now Ar=6x*: but Ar+6r. Indeed it is 
easy to see from the figure that 


lim (87/8a)=lim (P’P,/PP;)=cos 6, 
but lim (Ar/Av)=lim (PP,/PP;)=sec 4, 
so that lim (87/Ar) =cos?6. O ‘ MM My, 

The fact is of course that dz/dr and Fig. 46. 
dr/dx are not formed upon the same hypothesis as to the variation of P.] 

3. Prove that if z=f(axv+by) then 6 (dz/0x)=a (dz/dy). 

4, Find 0X/dx, oX/oy,... when X4Y=x2, Y=ay. Express 7, y as 
functions of X, Y and find 02/0.X, dx/0Y, .... 

5. Find dX/éx, ... when X¥+¥+Z=2, Y+Z=ay, Z=axyz; express 
2, y, 2 in terms of X, Y, Z and find 02/0X, .... 

[There is of course no difficulty in extending the ideas of the last section 
to functions of any number of variables. But the reader must be careful to 
impress on his mind that the notion of the parti4l derivative of a function of 
several variables is only determinate when all the independent variables are 
specified. Thus if w=xv+y+z, 2, y, and z being the independent variables, 
then du/éa=1. But if we regard w as a function of the variables 7, o+y=n, 
and a+y+z=¢, so that u=¢, then du/dx=0.] 

153. Differentiation of a function of two functions. 
There is a theorem concerning the differentiation of a function 
of one variable, known generally as the T"heorem of the Total 
Differential Coefficient, which is of very great importance and 
depends on the notions explained in the preceding section re- 
garding functions of two variables. This theorem gives us a rule 


for differentiating 
, Sig, vO}; 
with respect to ¢. 
* Of course the fact that Ar=6x is due merely to the particular value of Ar 


that we have chosen (viz. PP,). Any other choice would give us values of Ax, Ar 
proportional to those used here. 
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Let us suppose, in the first instance, that f(a, y) is a function 
of the two variables # and y, and that f;’, f,/ are continuous 
functions of both variables (§ 107) for all of their values which 
come in question. And now let us suppose that the variation of 
« and y is restricted in that (a, y) lies on a curve 


a= od (t), y= (), 
where ¢ and wy are functions of ¢ with continuous differential 
coefficients ¢’ (t), y(t). Then f(a, y) reduces to a function of the 
single variable ¢, say /'(t). The problem is to determine a (2), 
Suppose that, when ¢ changes to t+7, « and y change to 
a+&€andy+y. Then by definition 


Fe = lim LF ($040), HE +D}-F 16, FO) 


=lim = {f(@+£,y+0)—f(@, 9) 
=lim|ZO+E: yeyale, ytmé , f(a, y+n)—f (a, y) ”). 
T n 


a 
But, by the Mean Value Theorem, 
(fer ytn)—f@, y+ a) lE=fe (at 0&, y+), 
iF (@, ytn)—-F(@ Whln=Sfy (@ y + On), 
where @ and & each lie between 0 and 1. As r>0, +0 and 
n>0, and &/7->¢' (t), n/t >w' (t): also 
Fa (e+ O& y t+ n)—fa (ty) Sy (@ y+ On) fy (a, y). 

Hence 


PO=DLEO ¥OHf' YEH) +S/ (BY) ¥ (O, 
where we are to put w=¢(t), y=w(t) after carrying out the 
differentiations with respect to «and y. This result may also be 
expressed in the form 


df _afdx af dy 


di da dé * by dé 
Examples LXI. 1. Suppose ¢ (#)=(1—-2)/(1+2%, p (¢)=2t/(1+2), so 
that the locus of (x, y) is the circle #?+y?=1. Then 
P (= — 44/1 +P), W(t) =2(1-2)/(1+2), 
B'(t)={- 4/1 +?) fl + 2 (1-2) (1 +23} Fy, 
where # and y are to be put equal to (1-2%)/(1+2?) and 2¢/(1+22) after 
carrying out the differentiations. 
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We can easily verify this formula in particular cases. Suppose, ¢.g., 
that f(2, y)=2?+y% Then f,’ = 2a, f/ = 2y, and it is easily verified that 
£” (t)=2xq’ (t)+ 2y (t)=0, which is obviously correct, since F(t)=1. 

2. Verify the theorem in the same way when (a) 2=t", y=1-2", 
f(a, y=a+y; (b) e=acost, y=asint, f(x, y)=02+y". 

3. One of the most important cases is that in which ¢ is a itself. We 


then obtain 

D, f {x, v (x)}=D,f (2, Y)+ Dy f (e, y) y’ (2). 
where y is to be replaced by ¥ (x) after differentiation. 

It was this case which led to the introduction of the notation df/dx, 0f/dy. 
For it would seem natural to use the notation df/dx for either of the functions 
D,f (x, v (x)} and D, f(x, y), in one of which y is put equal to (x) before 
and in the other after differentiation. Suppose for example that y=1-—x 
and f(x, y)=x+y. Then D,f(2,1-—x)=D,1=0, but D, f (#,,y)=1. 

The distinction between the two functions is adequately shown by 
denoting the first by df/dx and the second by 0f/év, in which case the 
theorem takes the form 

df _of , efdy, 


dx 0x dydx’ 
though this notation is also open to objection, in that it is a little misleading 
to denote the functions f{w, y (x)} and f(«, y), whose forms as functions of x 
are quite different from one another, by the same letter f in df/da and Of/dx. 


4, If the result of eliminating ¢ between x=@ (t), y= W(t) is f(a, y)=0, 


then 
Of da , of dy _ 0 
0x dt" dy dt ~ 

5. Ifs#and y are functions of ¢, and 7 and @ are the polar coordinates of 
(7, y), then r= (xu'+yy')/r, 6 =(ay' — ya’)/7?2, dashes denoting differentiations 
with respect to 4. 

154. The Mean Value Theorem for functions of two 
variables. Many of the results of the last chapter depended 
upon the Mean Value Theorem, expressed by the equation 

$ (w+ h)—$(«)=hf" (w+ Oh), 
or as it may be written, if y= (a), 
Sy =f’ (# + 08x) 8x. 

Now suppose that z= f(a, y) is a function of the two inde- 
pendent variables # and y, and that x and y receive increments 
h, k or &«, dy respectively: and let us attempt to express the 
corresponding increment of z, viz. 


d= flath y +h) f(a, y) 


in terms of h, k and the derivatives of z with respect to x and y. 
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Let f(a + ht, y+kt)=F(t). Then 
Path, y+k)—f(a, y)=F (1) -F(0)=F' (6), 
where 0< @<1. But, by § 153, 
EF’ (tt) = Dif (a+ ht, y + kt) 
=f, (a+ht, y+kt) +hfy (a+ht, y + kt). 
Hence finally 
dz=f(a+h, y+k) —f(a, y=hfe (at Oh, y+ Ok) + kf, (a+ Oh, y+ 9k), 


which is the formula desired. Since f;,’, f,’ are supposed to be 
continuous functions of w and y, we have 


Sc (@ + Oh, y + Ok) = fe’ (x, Y) + Eh, k> 


Sy (@+ Oh, y + Ok) =fy (@, Y) + Ones 


where &,, and m,,, tend to zero as h and & tend to zero. Hence 
the theorem may be written in the form 


OK fe He) Ort (fy FH) OY .iagecesicsaves (1), 


where e and 7 are small when 6x and dy are small. 


The result embodied in (1) may be expressed by saying that the 

equation 
62 = f, ba + fy dy 

is approximately true; 2.e. that the difference between the two 
sides of the equation is small in comparison with the larger of dx 
and éy*. We must say ‘the larger of dx and dy’ because one of 
them might be small in comparison with the other; we might 
indeed have 6e=0 or dy=0. 


It should be observed that if any equation of the form dz=Adr+pédy 
is ‘approximately true’ in this sense, we must have A=/,', w=/,. For we 
have 

d2—f, de —f, dy=eda+ndy, d2—dOxr—pdy=e da+y! dy 
where e, 7, ¢’, 7’ all tend to zero as 5x2 and dy tend to zero; and so 


| (A—fid) 80+ (w= fi) By =p Be +p'by 
where p and p’ tend to zero. Hence, if ¢ is any assigned positive number, we 
can choose o so that 
| A fa’) d+ (u— Fy’) dY| < ¢ (| d@ | +] By |) 
for all values of dz and dy numerically less than o. Taking dy=0 we obtain 
l(A- fr) dx] < ¢| dv], or [A—f,'] < & and, as ¢ may be as small as we please, 
this can only be the case ifA=f,. Similarly p=//’. 


* Or with |da|+] dy| or /(dx?+ dy*). 


—» 
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155. Differentials. In the applications of the Calculus, 
especially in geometry, it is usually most convenient to work with 
equations expressed not, like equation (1) of § 154, in terms of the 
increments 6x, dy, dz of the functions a, y, z, but in terms of what 
are called their differentials da, dy, dz. 

Let us return for a moment to a function y =f (@) of a single 
variable x If /’ (x) is continuous then 


SC) NG ON econ, sd cement (1), 
where e—0 as 6*—0: in other words the equation 
OUR FG Ot aetna ascents See (2) 


is ‘approximately’ true. We have up to the present attributed 
no meaning of any kind to the symbol dy standing by itself. We 
now agree to define dy by the equation 


aM Ga Co) Sore RT ee Seen (8). 
If we choose for y the particular function x, we obtain 
UO oS d aban saeie cue (4), 
so that fa) OD latch ee te enna (Bug 
If we divide both sides of (5) by da we obtain . 
oy = h 8) ee eee (6), 


where dy/dx denotes not, as heretofore, the differential coefficient 
of y, but the quotient of the differentials dy, dz. The symbol 
dy/d« thus acquires a double meaning; but there is no incon- 
venience in this, since (6) is true whichever meaning we choose. 


The equation (5) has two apparent advantages over (2). It is exact and 
not merely approximate, and its truth does not depend on any assumption as 
to the continuity of f'(#). On the other hand it is precisely the fact that we 
can, under certain conditions, pass from the exact equation (5) to the approxi- 
mate equation (2), which gives the former its importance, The advantages of 
the ‘differential’ notation are in reality of a purely technical character. These 
technical advantages are however so great, especially when we come to deal | 
with functions of several variables, that the use of the notation is almost 
inevitable. 

When /’ (x) is continuous, we have 


& 


lim “=1 


6 
when 6v->0. This is sometimes alt by saying that dy is the brincipgd 
part of dy when 6x is small, just as we might say that ax is the ‘ principal 
part’ of av +62? when « is small. 
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We pass now to the corresponding definitions connected with 
a function z of two independent variables 7 and y. We define the 
differential dz by the equation 


Chae ie OR) a a reer ch). 
Putting z= and z=y in turn, we obtain 

MOD, ATMs CYR. oo. vee ceva hes converts (8), 
so that ae UE fea Onn ca ieee sneees cc sandee (9), 


which is the exact equation corresponding to the approximate 
equation (1) of § 154. Here again it is to be observed that the 
former is of importance only for reasons of practical convenience 
in working and because the latter can in certain circumstances be 
deduced from it. 


One property of the equation (9) deserves special remark. We saw in 
. § 153 that if z=f(a, y), x and y being not independent but functions of a 
single variable ¢, so that 2 is also a function of ¢ alone, then 
dz _of de, of dy 
di dx di ° oy dt” 
Multiplying this equation by d¢ and observing that 
_ dx dy dz 


dan= dt, dy =—s, dt, dix 7 dt, 


we obtain dz=f,/dx+f,' dy, 
which is the same in form as (9). Thus the formula which expresses dz in terms 


of dx and dy is the same whether the variables x and y are independent or not. 
This remark is of great importance in applications. 


It should also be observed that if zis a function of the two independent 
variables w and y, and 
dz=\dr +pdy, 


then \=/;’, »=f,. This follows at once from the last paragraph of § 154. 
It is obvious that the theorems and definitions of the last three sections 
are capable of immediate extension to functions of any number of variables. 
Examples LXII. 1. The area of an ellipse is given by 4=-ab, where 
a, 6 are the semiaxes. Prove that 
dA da, db 
LG aoe 
and state the corresponding approximate equation connecting the increments 
of the axes and the area. 
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2. Express A, the area of a triangle ABC, as a function of (i) a, B, C, 
(11) A, b, c, and (iii) a, 6, c, and establish the formulae 


ah 2da cdB bdC d& db de 
a a asnB asinc’ rami ak ato? 
dA=R (cos Ada+cos Bdb+cos Cade), 


where & is the radius of the circumcircele. 


3. The sides of a triangle vary in such a way that the area remains 
constant, so that a may be regarded as a function of bande. Prove that 


da__cosB Oa __ cos 
0b  cosdA’ dc cosd° 
[This follows from the equations 


Hae ab 4 20 de, cos Ada+t cos Bdb-+cos Cde=0. 


4, Ifa, b, ¢ vary so that 2 remains constant, then 


da db de _ 

eos A cosB  cosC ° 
Oa cos A oa _ cosA 
0 §©6 cosB’ = 0c — cos CC" 


[Use the formulae a=2Rsin A, ..., and the facts that R and A+B+C are 
constant. | 


and so 


5. Ifzis a function of wand v, which are functions of # and y, then 


Oz 2 Ou , te dv dz _ de Ou , dz dv 
Ge Ou On * bv dn? dy Ou dy dv oy 


[We have 
02 02 ou Ou dv ov 
di=— dut = dv, du= = d gee du=~— da += dy 


Substitute for du and dv in the first equation and compare the result with 


the equation 
dex Ze ax + he yy. | 


6. Let z be a function of # and y, and let X, Y, Z be defined by the 
equations 


r=a,X+6,¥+q4Z, yadgX +b, ¥+eZ, 2=0,.X+b3Y +032. 


Then Z may be expressed as a function of X and Y. Express 0Z/2.X, 
0Z/0Y in terms of 0z/da, 0z/oy. [Let these differential coefficients be denoted 
by P, Gand p, g. Then dz—pdx—gqdy=0, or 


(cp +¢29 —¢3) 2+ (ap + a2q — a3) dX + (bp + bog —b3) dY =0, 
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Comparing this equation with dZ—PdX ~ QdY=0 we see that 


— Up taeq — 4% a a am 
Cp + c2g — ¢3’ Cp + 2g — C3 


7% TF (aqartbyy+c2) p+ (agrt boy tce2) g=azatbsy +032, 
then (a, X+0,¥4+e,Z) P+ (agX+b,.¥ +2) Q=a,X+b;¥ +032. 
(Math. Trip. 1899.) 


8. Differentiation of implicit functions. Suppose that f(x, y) and its 
derivative f,/ (x, y) are continuous in the neighbourhood of the point (a,b), 


and that 
7 (a,0y-=0, 7, (a, 0)=-0. 

- Then we can find a neighbourhood of (a, 6) throughout which 7,’ (2, 7) has 
always the same sign. Let us suppose, for example, that 7,’ (x,y) is positive me 
near (a, b). Then f(z, y) is, for any value of x sufficiently near to a, and for . 
values of y sufficiently near to 6, an increasing function of y in the stricter vA ba 
sense of § 95. It follows, by the theorem of § 108, that there is a unique 
continuous function y which is equal to 6 when «=a and which satisfies the / 
equation f (, y)=0 for all values of x sufficiently near to a. 


Let us now suppose that f(x, 7) possesses a derivative .f,’ (x, 7) which is 
also continuous near (a, 6). If f(x, y)=0, s=at+h, y=b+h, we have 
O=f (2, y) —f (a, b)= ( fa’ +€) A+(fo +n) ky 
where€é andy tend to zero with hand &. Thus 


i feo te 


ho fy+n ho 


/ 


dy a. 
Uy = = 
. da e 
9. The equation of the tangent to the curve f(z, y)=0, at the point 
X01 Yoo is 


(a2 — 2%) fax! (fos Yo)+(Y — 40) Fr! (09 Yo) =0. 


156. Definite Integralsand Areas. It will be remembered 
44 that, in Ch. VI, § 145, we assumed that, if f(x) is a continuous 
function of w, and PQ is the Y 
graph of y=f(xz), then the 
region PpqQ shown in Fig. 47 
has associated with it a definite 
number which we call its area. 
It is clear that, if we denote 
Op and Oq by a and 2, and 
allow « to vary, this area is a 
function of 2, which we denote O Pp q 4 


by F'(@). Fig. 47. 


Q 
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Making this assumption, we proved in § 145 that F’ (w)=f(a), 
and we showed how this result might be used in the calculation 
of the areas of particular curves. But we have still to justify 
the fundamental assumption that there 1s such a number as the 


"area F (a). 


We know indeed what is meant by the area of a rectangle, 
and that it is measured by the product of its sides. Also the 
properties of triangles, parallelograms, and polygons proved by 
Euclid enable us to attach a definite meaning to the areas of 
such figures. But nothing which we know so far provides us with 
a direct definition of the area of a figure bounded by curved lines. 
We shall now show how to give a definition of F(x) which will 
enable us to prove its existence.* 


Let us suppose f(#) continuous throughout the interval (a, b), 
and let us divide up the interval into a number of sub-intervals 
by means of the points of division a, 2, %,..., &, Where 


C= 0, f= 0 =. 
Further, let us denote by 6, the interval (#,, #,4,), and by m, the 
lower bound (§ 102) of f(«) in 6,, and let us write 
S = My Op + 1,8, + 0. + My Sy = DM, 4,, 
say. 

It is evident that, if M is the upper bound of f(«) in (a, 6), then 
s<M(b-—a). The aggregate of values of s is therefore, in the 
language of § 80, bounded above, and possesses an upper bound 
which we will denote by j. No value of s exceeds 7, but there are 
values of s which exceed any number less than j. 


In the same way, if M, is the upper bound of f(a) in 6,, we can 

define the sum 
S = 20770,. 

It is evident that, if m is the lower bound of f(#) in (a, b), then 
S2m(b—a). The aggregate of values of S is therefore bounded 
below, and possesses a lower bound which we will denote by J. 
No value of S§ is less than J, but there are values of S less than any 
number greater than J. 


* The argument which follows is modelled on that given in Goursat’s Cours 
d@’ Analyse (second edition), vol. i, pp. 171 et seq.; but Goursat’s treatment is much 
more general. 
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It will help to make clear the significance of the sums s and 8 if 
we observe that, in the simple case 
in which f(#) increases steadily 
from z=a to «=b, m, is f(a,) 
and M, is f(#,41). In this case s 
is the total area of the rectangles 
shaded in Fig. 48, and S is the 
area bounded by a thick line. In 
general s and S will still be arcas, 
composed of rectangles, respectively 
included in and including the curvi- 
linear region whose area we are 
trying to define. 


We shall now show that no 
sum such as s can exceed any 
sum such as S. Let s, S be the sums corresponding to one mode of 
subdivision, and s’, S’ those corresponding to another. We have 
to show that s SS’ ands’ s 8. | 

We can form a third mode of subdivision by taking as dividing 
points all points which are such for either s, 8 or s, S”. Lets,S 
be the sums corresponding to this third mode of subdivision, 
Then it is easy to see that 

P=5. 8% 5, BES, BEG oo... chcccccces: (ly: 
For example, s differs from ¢ in that at least one interval 8, which 
occurs in s is divided into a number of smaller intervals 


Oras One ELS) Onps 


so that a term m,6, of s is replaced in s by a sum 


Tye Oy MO 60g to eh ate Ty Onis 
where m,,1, m,,9, ... are the lower bounds of Ae) WO, ie Opes 
But evidently m,, 2 m,,m,,.2 m,, ...,80 that the sum just written 
is not less than m,6,. Hence s = s; and the other inequalities (1) 
can be established in the same way. But, since s $&, it follows 
that 
ssss8e8S, 

which 1s what we wanted to prove. 

It also follows that j= J. For we can find ans as near to i 
as we please and an S as near to J as we please*, and so 7 >J 
would involve the existence of an s and an S for which s > 8. 


* The s and the S do not in general correspond to the same mode of subdivision. 
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So far we have made no use of the fact that f(z) is continuous. 
We shall now show that j =J, and that the sums s, S tend to the 
limit J when the points of division «, are multiplied indefinitely 
in such a way that all the intervals 6, tend to zero. More pre- 
cisely, we shall show that, given any positive number «, it is possible 
to find 8’so that 

O<J—s<e, 0<S—J<e 
whenever 6, < 6 for all values of v. 
There is, by Theorem II of § 106, a number 6 such that 
M,—m,< ¢/(b—a), 
whenever every 6, is less than 6. Hence 
S—s=>(M,-—™m,)8,<e. 
But S-—s=(S-—J)+(UJ-j)+G-s); 
and all the three terms on the right-hand side are positive, and 
therefore all less than « As J—j is a constant, it must be zero. 
Hence j = J and 0<j—s<e,0<S—J <e, as was to be proved. 


We define the area of RpgQ as being the common limit of s and 
S, that is to say J. It is easy to give a more general form to this 
definition. Consider the sum 

c= >f,6, 

where f, denotes the value of f(x) at any point in 8,. Then o 
plainly lies between s and S, and so tends to the limit J when the 
intervals 6, tend to zero. We may therefore define the area as 
the limit of o. 


157. The definite integral. Let us now suppose that f(a) 
is a continuous function, so that the region bounded by the curve 
y=f(«x), the ordinates =a and #=6, and the axis of a, has a 
definite area. We proved in Ch. VI, § 145, that if F(a) is an 
‘integral function’ of f(a), ie. if 


F'@)=f(@), F(e)=|f@) de 
then the area in question is #’(b) — F(a). 


As it 1s not always practicable actually to determine the form 
of #(#), it is convenient to have a formula which represents the 
area Ppg@ and contains no explicit reference to F(x). We shall 


a (Ppa = | F(2) ae. 
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The expression on the right-hand side of this equation may 
then be regarded as being defined in either of two ways. We | 
may regard it as simply an abbreviation for £ (b)— F(a), where | 
F'(&) is some integral function of f(#), whether an actual formula | 
expressing it is known or not; or we may regard it as the value of 

the area PpqQ, as directly ee in § 156. 


b 
The number | SF (a) da 


is called a definite integral; a and b are called its lower and 
upper limits; f(x) is called the subject of integration or 
integrand; and the interval (a, 6) the range of integration. 
The definite integral depends on a and b and the form of the 
function f(z) only, and is not a function of w On the other hand 
the integral function 


F(w)= [fede 
is sometimes called the indefinite integral of. f(x). 


The distinction between the definite and the indefinite integral is merely 
b 
one of point of view. The definite integral is i (@)de=F (b)- F(a) is a ! 
function of b, and may be regarded as a particular integral function of f(b). — | 
On the other hand the indefinite integral. #’(#) can always be expressed by 
means of a definite integral, since 


P()=F(a)+[" F(a 


But when we are considering ‘indefinite integrals’ or ‘integral functions’ 
we are usually thinking of a relation between two functions, in 1 virtue of which | 
one is the derivative of the other. And when we are considering a ‘definite 
integral’ we are not as a rule concerned with any possible variation of the 
limits. Usually the limits are constants such as 0 and 1; and 


1 
[fe ae=F)-F © 
0 
is not a function at all, but a mere number. 
ane tS llaalaeet : 
It should be observed that the integral | F(é)dt, having a differential 
a 


coefficient f (x), is a fortiort a continuous function of x. 


Since 1/2 is continuous for all positive values of a, the investigations of 
the preceding paragraphs supply us with a proof of the actual existence of the 
function log z, which we agreed to assume provisionally in § 128. 
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158. Area ofa sector of a circle. The circular functions. 
The theory of the trigonometrical functions cos a, sin x, etc., as 
usually presented in text-books of elementary trigonometry, rests 
on an unproved assumption. An angle is the configuration formed 
by two straight lines OA, OP; there is no particular difficulty in 
translating this ‘geometrical’ definition into purely analytical 
terms. The assumption comes at the next stage, when it is assumed 
that angles are capable of numerical measurement, that is to say - 
that there is a real number w associated 
with the configuration, just as there is i 
a real number associated with the region 
PpqQ of Fig. 47. This point once ad- 
mitted, cose and sina may be defined 
in the ordinary way, and there is no 
further difficulty of principle in the 


, elaboration of the theory. The whole © . N A 
> \ difficulty lies in the question, what 7s the cle 


) la which occurs in cosx and sinzw? To answer this question, we 


must define the measure of an angle, and we are now in a position 
to do so. The most natural definition would be this: suppose that 
AP is an arc of a circle whose centre is O and whose radius is 
unity, so that OA =OP=1. Then a, the measure of the angle, is 
the length of the are AP. ‘This is, in substance, the definition 
adopted in the text-books, in the accounts which they give of the 
theory of ‘circular measure’. It has however, for our present pur- 


+\ pose, a fatal defect; for we have not t proved that the are of a curve, 


> || even of a circle, possesses a length. The notion of the length of a 


> 


x > 


| | curve is capable of precise ‘mathematical analysis just as much as 


that of an area; but the analysis, although of the same general 
character as that of the preceding sections, is decidedly more 
difficult, and it is impossible that we should give any general 
treatment of the subject here. 


We must therefore found our definition on the notion not of 
length but of area. We define the measure of the angle AOP as 
twice the area of the sector AOP of the unit carcle. 


Suppose, in particular, that OA is y=0 and that QP is y=maz, 
where m>0O. The area is a function of m, which we may denote 
by @(m). If we write w for (1 + m2) ~3, P is the point (4, mp), and 


GP =\ 


es eee 
=~ NNN OF = 7 t f 


a OE Pe @) fe) 
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we have 
1 
(mr) = mp? +{ V(1 — 2) da. 
iv 
Differentiating with mee to m, we find Not Cu ed 


¢ (m) = Spa d (m n)= af" 5S = 


Thus the analytical equivalent of our definition would be to define 
are tan m by the equation 


are tan m= [" : 
Jo 14+ 2? 


and the whole theory of the circular functions could be worked out 
from this starting point, just as the theory of the logarithm is 
worked out from a similar definition in Ch. IX. See Appendix III. 


Examples LXIII. Calculation of the definite from the indefinite 
integral. 1. Show that 


b Ort+1_ gqnt+l 
a 


n+1 . 
Aas ulltethint 7 
‘ Te > —— _ 
and in particular tha | ‘ HL" AL Ti 
b sin mb -- sin ma S. cos ma — cos mb 
2. Cosme c= ——_____—., suena = ee 
a .m a m 


dx . Oe 
3. it, Tp are tan b—arc tan a, eae 


{There is an apparent difficulty here owing to the fact that arctan x7 is a 
many valued function. The difficulty may be avoided by observing that, in 


the equation 
« dt 
ne ee ne tan 2, 
arc tan x must denote an angle lying between —3n and $7. For the integral 
vanishes when «=0 and increases steadily and continuously as x increases. 
Thus the same is true of arctan, which therefore tends to $7 as rx», 
In the same way we can show that arctan v—->—47 as g--—o. Similarly, 


in the equation 
i —— =Arc sin v 
o /(1—2) 
where —1<w<1, arcsinx denotes an angle lying between —}$m and $n. 


‘Thus, if @ and 6 are both numerically less than unity, we have 


b dx 
av/(1— 2*) 


4 i dz _ Oe 1 <ad¢ a a 
© Jo l-a+a? 3/3’ Jol+ut+x® 33 
H. 19 


=aresin b—arc sin a.] 
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aoe sina 
value of the integral is 4, which is the limit of $a coseca as a0. 


1 da 
5. | ‘Tie eae if —a<a<m, except when a=0, when the 


[ WO-2) deme, [/@e—2%) d= tna? (a>0). 
0 0 


| "a = eee a Garey if a> |b|. [For the form of the indefinite 
0 


integral see Exs. tut. 3, 4. If|a|<|6| then the subject of integration has an 
infinity between 0 and 7, What is the value of the integral when a is 
negative and —a>|b| 7%] 


hm dx 7 ae ; 
S: | @ cos’a +b? sin’ a = Dab? if a and 6 are positive. What is the 
0 » 


value of the integral when a and b have opposite signs, or when both are 
negative ? 


9, Fourier’s integrals. Prove that if m and z are positive integers then 


on ‘ 
cos mx sin nx dx 
0 


is always equal to zero, and _ 
Qa a. 4 
COS Mx COS NX Ax, sin mx sin nx dx 
0 0 


are equal to zero unless m=n, when each is equal to 7. 


ty cg 
10. Prove that i} cos mx cos nx dx and | sin mx sin nx dx are each equal 
0 


0 
to zero except when m=, when each is equal to $m; and that 
7 ‘ 2n 7 ‘ 
cos mz sin nz d#z=——,, cos mx sin nxdx=0, 
0 n?—m 0 


according as 7 —m is odd or even. 


159. Calculation of the definite integral from its defini- 
tion as the limit of a sum. In a few cases we can evaluate a 
definite integral by direct calculation, starting from the definitions 
of §§ 156 and 157. As a rule it is much simpler to use the 
indefinite integral, but the reader will find it instructive to work 
through a few examples. 


| 
Examples LXIV. 1. Evaluate i edu by dividing (a, b) into » equal 
a 


parts by the points of division @=2, 4%, La) »--) Xn=b, and calculating the 
limit as no of 


(21 — ) f (40) + (H2- 1) f (*1) + --- + (¥n— @p—1) f (%n-1)» 


uae oa VER , WON 
ier 4 (eT bine AY 
158-160] AND INTEGRAL CALCULUS ov ky QOL OT 
Lite 
[This sum is We; Cs : 


Ay pn *2) +(a+2°=2 +.. + {a4(n—1) 4h] ie 


FA | na S814 24... (n=1)} |G -a) fat 6-29}, 


which tends to the limit 4(b?~—a?) as n>. Verify the result by graphical 
reasoning. | 


b 
2. Calculate ii x*?dx in the same way. 


a 
b 
3. Calculate | xdxz, where 0<a<b, by dividing (a, b) into ” parts by 
a 
the points of division a, ar, ar?, ... av"—}, ar", where r"=b/a. Apply the same 
b 
method to the more general integral i ade. 
fei 


b 
4. Calculate J 


a 


b 
cos maz dz and | sin mazdz by the method of Ex. 1, 


— ra dr as N-—> ©. 
[This follows from the fact that 

n n n-1 (1/n) 
mitt neta 1 veo TE? 


5. Prove that ns 
T= 


= 
n2 


which tends to the limit J, 
of the integral. ] 


i er 5 28 N-> ow, in virtue of the direct definition 


6. Prove that "3 a/(n?—r2)-»4q. [The limit is | ‘W(.— 2%) de] 
r=0 0 
160. General properties of the definite integral. The 
definite integral possesses the important properties expressed 
by the following equations.* 


(1) [ f@de=-[" 7@ ae. 


This follows at once from the definition of the integral by means of the 
integral function #(x), since #'(b)-F(a)= —{F'(a)—F'(b)}. It should be 
observed that in the direct definition it was presupposed that the upper 
limit is greater than the lower; thus this method of definition does 


not apply to the integral | “f («)daz whena<b. If we adopt this definition 
b 


as fundamental we must extend it to such cases by regarding the equation (1) 
as a definition of its right-hand side. 


* All functions mentioned in these equations are of course continuous, as the 
definite integral has been defined for continuous functions only. 


19—2 
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(2) ['7@de=0 
(3) i : f(a)dn+{ 5) do= | “f(0) de 
(4) i ; iG) dae | ; Pale: 


6) [ @+o@jde=|s@adet |g @de. 


The reader will find it an instructive exercise to write out formal proofs 
-- of these properties, in each case giving a proof starting from (a) the definition 


by means of the integral function and (8) the direct definition. 
—————— r 72 rats dads Ret ty; 
The following theorems are also important. 


im bre. “of 
~ 


(6) If f(a) Z 0 when a <x Sd, then [. f(a) de = 0. 


ST We have only to observe that the sum s of § 156 cannot oe negative. It 
" will be shown later (Mise. Ex. 41) that the value of the integral cannot be 
- \ zero unless f(#) is always equal to zero: this may also be deduced from the 

\¢ second corollary of § 121, 


(7) IfHsf(e)sK whenas «Sb, then 


6 
H(b—a)s| f(a)dus Kb— a) 


This follows at once if we apply (6) to f (@) —H and K—f (x). 


(8) [ F@de= 0-H F 6, 
where & les between a and b. 


This follows from (7). For we can take H to be the least and A the 
greatest value of f(x) in (a, b). Then the integral is equal to 7 (b— a), where 
7 lies between H and A. But, since f(x) is continuous, there must be a 
value of & for which f(€)=7 (§ 100). 


If /' (x) is the integral function, we can write the result of (8) in the form 
f(b) — F (a)=(6—a) F’ (€), 
so that (8) appears now to be only another way of stating the Mean Value 


Theorem of § 125. We may call (8) the First Mean Value Theorem for 
Integrals. : , 
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(9) The Generalised Mean Value Theorem for inte- 
grals. [f > (x) 1s positive, and H and K are defined as in (7), then 
b mw b 
; HY ay ={ ¢@) yee KI & (w) dan; 


” 2 
and | /@$@ae=fO© | $@de, 
where & is defined as in (8). 

This follows at once by applying Theorem (6) to the integrals 
[Fe Bye eae, [Kf wh} $ (wae. 


The reader should formulate for himself the corresponding result which 
holds when ¢(z) is always negative. 


(10) The Fundamental Theorem of the Integral Cal- 
culus. The function 


Rays i ” ¢(t) dt 
has a derwative equal to f (a). 


This has been proved already in § 145, but it is convenient to 
restate the result here as a formal theorem. It follows as a 
- corollary, as was pointed out in § 157, that F(a) is a continuous 
Junction of «x. 


Examples LXV. 1. Show, by means of the direct definition of the 
definite integral, and equations (1)—(5) above, that 


(i) fc $ (0%) dnm2 |" (x) de, ie x(a) dx=0 ; 

(ii) | "$ (cos x) da= | * $ (sin x) da=} | "$ (sin x) de; 
0 

Gay | ms CeCe | ; A eataliee 


m being an integer. [The truth of these equations will appear geometrically 
intuitive, if the graphs of the functions under the sign of integration are 
sketched. ] 


 sinviy 2a ; ; 
2. Prove that | dz is equal to 7m or to 0 according as n is odd or 


9 sing 
even. [Use the formula (sin nz)/(sin 2)=2 cos {(v—1) x} +2 cos {(n—3) x} +..., 
the last term being 1 or 2 cos z.] 


wv 
3. Prove that i sin nx cot xdx is equal to 0 or to m according as n is odd 
) 


or even. 
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4, If p(x)= a9 + a, cos x + 5, Sin ¥ + Gy COS 2H +... + Ay COS NX + b,, sin 22, 
and & is a positive integer not greater than n, then 


Qn Qn Qn 
| ob (x) da=2rapo, | cos ka (a) d= wax, | sin ke dh (x) dv=mby. 
0 0 0 


If k>n then the value of each of the last two integrals is zero. [Use 
Ex, Lx1ir. 9.] 


5. If gd (a) =a + a1 COS B+ Az COS 2H+...+a_ Cos nx, and & is a@ positive 
integer not greater than n, then 


ie (x) dx= rao, [cos ka (2) du=4nrrdy. 
0 0 
If k>n then the value of the last integral is zero. [Use Ex. Lx111. 10.] 


2 
6. Prove that if a and b are positive then an, ==, 
» @eostz+b?sintx ab 


[Use Ex. tx. 8 and Ex. 1 above.] 


7 Iff(@)s¢(z) whnas2xsd, then [ fdx 3) pdx. 
8. Prove that 


ir, : 
0 <| Site ae <[sot 0<] tan*t! eda < | tanrede, 
0 


0 
ax 


0 vile) 
from the fact that /(1-—2*")<1, the a from the fact that 


J( aia (1—-2%).] 
10. Prove that 3< [5 wae ne <r. 
11. Prove that (32+8)/16 <1//(4-37+.2°)<1//(4—3z) if 0<2<l, 


1 ax 
and hence that 43 <|, jasc eee 


2 dx 
12. Prove that °573 <[. (4 — 30-423) 
place 24+3u?+43 by 2+4u? and by 2+3u?.] . 
13. Ifaand ¢ are positive acute angles then 
¢ ax Hy 
Qe {p J(1 - sin? a sin? 2) = J( —sin? a sin? #)° 
If a=@=4r, then the integral lies between °523 and °541. 


14, Prove that] ["(e) de s [flan 


[If o is the sum considered at the end of § 156, and o’ the corresponding 
sum formed from the function | f(z) |, then || <o’.] 


15. If|f(7)|sM, then [-7@ 4 eae = w [1 p()|ae, 


* Exs. 9—13 are taken from Prof. Gibson’s Elementary Treatise on the Calculus. 


9*, If n>1 then 5< <‘524, [The first inequality follows 


<‘595, [Put v=1+w: then re- 


f 
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161. Integration by parts and by substitution. It 
follows from § 138 that 


[$6 @e2=$6)4$0-F$@-["F' 9 (de. 


This formula is known as the formula for integration of a 
definite integral by parts. 

Again, we know (§ 138) that if F(¢) is the integral function of 
Ff @), then 


[118 @} ¢ @de=F {6 @). 
Hence, if (a) =c, (b)=d, we have 


[FO d=F@-FO=F 4 O}- Fie @)=[ OO} 6 @ ae: 


which is the formula for the transformation of a definite integral 
by substitution. 


The formulae for integration by parts and for transformation 
often enable us to evaluate a definite integral without the labour 
of actually finding the integral function of the subject of integra- 
tion, and sometimes even when the integral function cannot be 
found. Some instances of this will be found in the following 
examples. That the value of a definite integral may sometimes 
be found without a knowledge of the integral function is only to 
be expected, for the fact that we cannot determine the general 
form of a function #’(#) in no way precludes the possibility that 
we may be able to determine the difference #’(b) — #’ (a) between 
two of its particular values. But as a rule this can only be 
effected by the use of more advanced methods than are at 
present at our disposal, 


Examples LXVI. 1. Prove that 
b 
[ 27" @)ae= Of" ()- FO} {af (a) -F(a)} 
2. More generally, | ” am f(™* (x) dx= F'(b) — F'(a), where 


F(x) = 2" f (x) — ma™-1 f"-Nae+m(m — 1)am—2 fle 2y - ...+(—1T)™m! f(2). 
3. Prove that : 


1 l 
| are sin 4dx=47n —1, | zare tan xdx=4}n —4, 
0 0 
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4, Prove that if a and 0 are positive then 


tr = xcosxsinadx  _ ca 
0 (a cos*v+b* sin? x)? 4ab?(a+b)° 


[Integrate by parts and use Ex. Lx1t. 8.] 
5& If Aj@= [ (70 dt, fa(a)= [os (t) dt, sel) | Fic (t) dt, 


1 x 
then Te = ae 1)! I, f(t) (av —- a dt. 
[Integrate repeatedly by parts. ] 


re 
6. Prove by integration by parts that if uy, ,= | av” (1—2)"dx, where m 
0 


and 7 are positive integers, then (m+2+1) Un, »=2Um,n—1, and deduce that 
; min! 
a (m+n+1)!° 
: in 
7. Prove that if u,= | tan*xdx then wt,+U,-2=1/(n-—1). Hence 
0 


evaluate the integral for all positive integral values of n. _ 

[Put tan" v=tan"~? x (sec? w—1) and integrate by parts. ] 

8. Deduce from the last example that wu, lies between 1/{2(n—1)} and 
1/{2(w+1)}. 


9. Prove that if u,= | sin® «dx then u,={(n—1)/n}u,_2. [Write 
0 


sin"-1 x sin x for sin" x” and integrate by parts.] 
10. Deduce that w, is equal to 
2.4.6..(n—1) i 1.3.5..(n—1) 
5a ° = ee en.” 


according as 7 is odd or even. 


__——_—s«ill.’:«~<The Second Mean Value Theorem. If f(z) is a function of x 
which has a differential coefficient of constant sign for all values of x from 
x=a to c=b, then there is a number é between a and’b such that 


b g b 
Preg@a-ra["o@ae+7O | sede 
(Let i ” b(t)dt=(x#). Then 
b b b 
[reg@ar [see @ae=(90)- | @e@ds 


b 
=f) #W)-2© | fade, 
by the generalised Mean Value Theorem of § 160: ze. 


[. 1) $@)de= FO O+F@-FO}# © 


which is equivalent to the result given. ] 
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12. Bonnet’s form of the Second Mean Value Theorem. If’ (x) is 
of constant sign, and f(b) and f(a) —/() have the same sign, then 


b x 
[Feo @ des [oa 


where X lies between a and 6. [For f(b)(b)+{f(a)—f(b)}} ®(=pf (a), 
where p» lies between @(£) and (b), and so is the value of (x) for a value 
of « such as X. The important case is that in which O</(b) Sf (x) Sf (a).] 


Prove similarly that if f(a) and f(b) — f(a) have the same sign, then 


b b 
[ 0) $@)ae=F@ [ (2) de, 
b 

where X lies between a and 6. [Use the function ¥(&)= i Ho (x)dx, It 
will be found that the integral can be expressed in the form 

F(@)¥ (@)+{F 0) -f(a)} ¥ ©). 
The important case is that in which OS/(a) Sf (x) Sf (6).] 

13. Prove that | [2s me —— dx <¥ if a Si 0. [Apply the first 


formula of Ex. 12, and note os the integral of sin x over any interval what- 
ever is nuttierically less than 2.] 


14, Establish the results of Ex. txv. 1 by means of the rule for sub- 
stitution. [In (i) divide the range of integration into the two parts (—a, 0), 
(0, a), and put w= —y in the first. In (ii) use the substitution r=4a—y to 
obtain the first equation: to obtain the second divide the range (0, 7) into 
two equal parts and use the substitution v=42+y. In (iii) divide the range 
into m equal parts and use the substitutions c=7+y, c=2r+y, ....] 


b b 
15. Prove that i F'(#)dz= | F (a+b—2) dx. 
a a 


dn TT 
16. Prove that i cos™ x# sin” «dx=2-™ | : cos” x dx. 
0 0 


17. Prove that | “x (sin 2) dx=4r J : (sine) dz, [Put r=r—y.] 
0 0 


ge ee 
18. Prove that | ' Toosta tr’. 
19. Show by means of the transformation #=a cos? 6+6sin? 6 that 


| W@-a) (b—2)} dx=14n (b—a)* 


20. Show by means of the substitution (a+6cos x) (a —-bcosy)= ni b? 
that 
if (a+b COs 2) adt= (a? — oe le 4) {" (a = b cos 1) alae dy, 


when 7 is a positive integer and a> |b|, and evaluate the ee when 
m=1, 2, 3. 


298 ADDITIONAL THEOREMS IN THE DIFFERENTIAL [vl 
21. If mand 7 are positive integers then 


b In! 
—a)™ (b—a)* dr=(b—q)mtnt1__ i 
i Mees a)™ (b— 2)" dr=(b—a) Meet) 


[Put s=a+(b—a)y, and use Ex. 6.] 


162. Proof of Taylor’s Theorem by Integration by 
Parts. We shall now give the alternative form of the proof of 
Taylor’s Theorem to which we alluded in § 147. 


Let f(x) be a function whose first » derivatives are continuous, 
and let 
_O-a 


FF, (a) = (6) —f(#) i (b = a) f° (a) aa (n= 1)! | Cie (x). 


Then Fy (2)=- v= baa, YI + fi) (z), 
and so 


P,()=Fa®)— [Fi @)do= pa [ O- arf (a) de 


If now we write a+h for b, and transform the integral by putting 
x=a-+th, we obtain 


Slath)=f(a) +hf'(a) +. “+e = ns (a) +R, ...(1), 
minere R= ay [. (1-4) f™ (44th) dt... (2). 


Now, if p is any positive integer not greater than n, we have, 
by Theorem (9) of § 160, 


[. (1 _ {py (a ae th) dt= [a _ ae GE = gu te (a + th) dt 


: 1 
= (1 — 6)» f (a 46h) | (1 —#)?—d¢, 
0 
where 0<@<1. Hence 
(1 — ay? f (a+ Oh) 
a) 
If we take p = n we obtain Lagrange’s form of R, (§ 148). If 
on the other hand we take p =1 we obtain Cauchy’s form, Viz. 


1 — 6)" f™ (a+ Oh) h® * 
Cree , ae (4)*, 


Ry = 


Ry= 


* The method used in § 147 can also be modified so as to obtain these 
alternative forms of the remainder. 
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163. Application of Cauchy’s form to the Binomial Series. If 
f (w)=(1+x)™, where m is not a positive integer, then Cauchy’s form of the 
remainder is 
m(m—1)...(m—n+1) (1—6)*-1 4% 

1.2...(n—1) (1+6z)"-™ ° 

Now (1—6)/(1+ 62) is less than unity, so long as ~1<a#<1, whether 
xz is positive or negative; and (1+4x)™—! is less than a constant A for 
all values of 2, being in fact less than (1+]x|)"—! if m>1 and than 
(l—|x|)™-1ifm<1 Hence 


m—1 
[Ry] < | m||("— 2) | la pes 


_ say But p,>0 as n>o, by Ex. xxvii. 13, and so #,->0. The truth of the 
Binomial Theorem is thus established for all rational values of m and all 
values of « between —1land1. It will be remembered that the difficulty in 
using Lagrange’s form, in Ex. LvI. 2, arose in connection with negative 
values of 2. 


R= 


164. Integrals of complex functions of a real variable. 
So far we have always supposed that the subject of integration in 
a definite integral is real. We define the integral of a complex 
function f (x)= (x) +7 (x) of the real variable x, between the 
limits a and b, by the equations 


[s@de=| gwtiv@jde=[b@derif pode; 


and it is evident that the properties of such integrals may be 
deduced from those of the real integrals already considered. 


There is one of these properties that we shall make use of 
later on. It is expressed by the inequality 


[f@ dae =| \s@|do i ae (1)*, 


This inequality may be deduced without difficulty from the 
definitions of §§ 156 and 157, If 6, has the same meaning as in 
§$ 156, ¢, and yw, are the values of @ and y at a point of 6,, and 
f=o+1,, then we have 


b 6 b 
[ fae=[ bde+il eee iepse On alin SaeHes, 
=lim > (¢, + w,) 6, = lim 2 7,6, 
b 
endl | fae =|lim 3£8,|=lim|3 48.1; 


* The corresponding inequality for a real integral was proved in Ex. ixv. 14. 
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‘ule Jl "| fda alice SIVAN. 


The result now follows at once from the inequality 
|2f8|s>|frld.. 


It is evident that the formulae (1) and (2) of § 162 remain 
true when fis a complex function ¢ + wp. 


MISCELLANEOUS EXAMPLES ON CHAPTER VII. 


1. Verify the terms given of the following Taylor's Series: 
(1) tan c=a7+403 +72 +..., 
(2) secv=1+427+,2'+..., 
(3) wcosecx=1+42"+ sf52'H+..., 
(4) s#cote=1—422°—Z2'-.... 
2, Show that if f() and its first x4+2 derivatives are continuous, and 


f+ (0)+0, and 6, is the value of 6 which occurs in Lagrange’s form of the 
remainder after » terms of Taylor’s Series, then 


ee | a) 
doe Ss ICES VICES) {err ory 


where «,>0as 2-0. [Follow the method of Ex. Lv. 12.] 
3. Verify the last result when f(#)=1/(1+2). [Here (1+6,2)"*t=1 +.r.] 
4, Show that if f(x) has derivatives of the first three orders then 


f (d)=f (+4 (0-4) (f(a) +f (D} - Ps (6 - PF" (a), 
wherea<a<b. [Apply to the function 


f(2)-f(@)-4(@-a) {Ff (@) +f @} “ 
— (G4) FO-F@-20- a) {F O+F OM 
arguments similar to those of § 147.] 
5. Show that under the same conditions 
f(b)=f (a) +(b-a)f' {3 (a+5)} + dy (6-9 fF" (a). 
6. Show that if f(x) has derivatives of the first five orders then 
f (=f (a) +h (b-a) [fF (@)+F (8) +4f" 3 (@ +5)}] - gats0 (6 — 4) 7 (2). 
7. Show that under the same conditions | 


f(b) =fla) + 3(0- a) fF (@)+F (03 — Be O— DF" (0) FO} + 1300 — FON). 
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8. Establish the formulae 


PAC) 7M [ee aren S(®) f' (8) 
g(a) (0) g(a) g/(8) 1’ : 
where 8 lies between a and b, and 


i f(a) fe) Fe) | F(@) #8) f"'™ 
(ii) ! g(a) gb) g() |=3@-¢)(¢-a) (a2) | g(a) g'(8) g’(y) |; 
h(a) 4G) Re) | h(a) W(B) (y) 
where 8 and y lie between the least and greatest of a, b, c. [To prove (ii) 
consider the function — 
f(a) f) f(#) f(a) £(6) Fle) 
(x—a) (a —b) 
b(x)=| 9(4) 9(6) g(#) | - (e—a) (e—b) g(a) g(b) ge) 
h(a) h(b) Ale) | h(a) A(b) h(e) 
which vanishes when z=a,x=6, and =c. Its first der ‘ivative, by Theorem B 
of § 121, must vanish for two distinct values of « lying seeween the least and 
greatest of a, b, c; and its second derivative must therefore vanish for a value 
y of x satisfying the same condition. We thus obtain the formula 


(i) 


f(a) Ff) fF) | f(a) FO) f°) | 
g(2) 9(%) ge) |=$(e-a)(e—b)| 9(@) gb) g(r) |. 
| A(a) h(d) (ec) h(a) h(b) kh" (y) 


The reader will now complete the proof without difficulty.] 


9. If F(x) is a function which has continuous derivatives of the first n 
orders, of which the first n—1 vanish when x=0, and A S$ Fl”) (x) S Bwhen 
Osash, then A (#*/n!) SF (2) Ss Ban!) when OS 27S. 


Apply this result to : 
f(2)-f (0) af" (0)-...- coat fr-n 0), 


and deduce Taylor’s Theorem. 


10. If And (@)=¢ (1) - (+h), dn? (©) =An {Ong (x)}, and so on, and 
@ («) has derivatives of the first n orders, then 


ant (e)= 3 (19 (1) @ (e+ rh)=(—hy 9g (6, 


where & lies between x and z+nh. Deduce that if @ (x) is continuous then 
{An™d (2)}/h" > (— 1)"o™ (x) ash-~0O. [This result has been stated already 
when n=2, in Ex. Lv. 13.] 


11, Deduce from Ex. 10 that 2*-™A,"a2™" =m (m-—1)...(m—n+1) h® as 
wo, m being any rational number and 7 any positive integer. In 
pantienlar prove that 


@ foe {Je —2 (w+1)+J(a+2)}} >}. 
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12. Suppose that y=¢ (x) is a function of « with continuous derivatives 
of at least the first four orders, and that ¢ (0)=0, ¢’ (0)=1, so that 


Y= (L) = Lt aga? +0323 + (ag t x) H, 
where ¢,->Oas x+0. Establish the formula 
ray (y)=y— ay? + (Qas? ~— ag) 93 — (5a? — 5agag+a4+ ey) ¥, 
where ¢, > 0 as y>0, for that value of x which vanishes with y¥; and prove 
that 
P@)vmw)-2 
a a 
as +> 0. 


13. The coordinates (€, ) of the centre of curvature of the curve r= F (é), 
y=F (t), at the point (%, y), are given by 
E=2) ly =Q-la=@?+y Mey" - 2Y)3 
and the radius of curvature of the curve is 


(2? + y?PA/(aly" — 2"y'); 
dashes denoting differentiations with respect to ¢. 


14. The coordinates (£, 7) of the centre of curvature of the curve 
27ay?=425, at the point (wv, y), are given by 


3a (E+x)+227=0, n=4y+(9ay)/x. (Math. Trip. 1899.) 


15. Prove that the circle of curvature at a point (x, y) will have contact 
of the third order with the curve if (1+4)?)¥3=39,y2" at that point. Prove 
also that the circle is the only curve which possesses this property at every 
point; and that the only points on a conic which possess the property 
are the extremities of the axes. [Cf. Ch. VI, Misc. Ex. 10 (iv).] 


16. The conic of closest contact with the curve y=az? + ba3 + cxt+...+ha", 
at the origin, is a’y=a‘x?+a?bxy+(ac—b?)y*. Deduce that the conic of 
closest contact at the point (& 7) of the curve y=f(2) is 

183° 7'= One! (x — £)? + 62? 3 (w — €) Z'+ (Bqana— 403°) T?, 
where 7'=(y—7)—m (t— 8). , lath, Trip. 1907.) 

17. Homogeneous functions.* If w=x2"f(y/x, 2/x, ...) then w is un- 

altered, save for a factor A", when 2, y, z, ... are all increased:in the ratio A : 1. 


In these circumstances w is called a homogeneous function of degree n in the 
variables 2, y, z,.... Prove that if w is homogeneous and of degree 7 then 


Ou, Cu, du . 
mL) ay +? i a 
This result is known as Euler’s Theorem on homogeneous functions. 


18. If uw is homogeneous and of degree n then du/dx, du/oy, ... are 
homogeneous and of degree n—1. 


* In this and the following examples the reader is to assume the continuity of 
all the derivatives which occur.,. 
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19. Let f(#, y)=0 be an equation in x and y (eg. a®°+y"—4=0), and let 
F (a, y, 2)=0 be the form it assumes when made homogeneous by the intro- 
duction of a third variable z in place of unity (e.g. 2*+y"—«2"-1=0). Show 
that the equation of the tangent at the point (£, 7) of the curve f(z, y)=9 is 


ch: +yF,+2Fe=0, 
where /:, /,, F’¢ denote the values of /,, F,, fF, when «=& y=n, z=(=1. 
20. Dependent and independent functions. Jacobians or functional 


determinants. Suppose that wu and v are functions of « and y connected by 
an identical relation 


yee) Oran en ite n dea cawonaasncee (1) 
Differentiating (1) with respect to x and y, we obtain 
Op Ou , Of Ov Op Ou , Oh Ov . 
iu at 30 ie Ba dy tO yo (2), 
and, eliminating the derivatives of q, | 
5 ee ae 
ty vy Cogs Uyrer (3), 


where wz, Uy, Vz) Vy are the derivatives of w and v with respect to wv and y. 
This condition is therefore necessary for the existence of a relation such 
as (1). It can be proved that the condition is also sugicient; for this we must 
refer to Goursat’s Cours d Analyse, vol. i, pp. 125 e¢ seg. 


Two functions ~ and v are said to be dependent or independent according 
as they are or are not connected by such a relation as (1). It is usual to call 
J the Jacobian or functional determinant of u and v with respect to x and y, 
and to write 


Similar results hold for functions of any number of variables. Thus three 
functions wu, v, w of three variables x, y, z are or are not connected by a 
relation ¢ (uv, v, w)=0 according as 


Uy, Uy Uz 
_ 9 (u,v, w) 


~ O(& y 2) 


S=| Vy Vy Us 
i, Wy, @W, 
does or does not vanish for all values of x, y, z. 


21. Show that av?+2hxy+by? and Az?+2Hay+ By? are independent 
unless a/A=h/H=6/B. 


22. Show that ax?+ by*+cz?+2fyz+2gzex+2hay can be expressed as a 
product of two linear functions of #, y, and z if and only if 
abe + 2fgh —af?— bg" —ch?=0. 


[Write down the condition that peak oy Tors and wetgytrs should be 
connected with the given function by a functional relation. ] 


S 
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23. If w and v are functions of £ and n, which are themselves functions 


of x and y, then 
0 (u, ) —_ G) (w, v) C) (& ”) 


0(@,y) 6 (8 0) O(a, y)” 
Extend the result to any number of variables. 


24. Let f (x) be a function of « whose derivative is 1/a and which vanishes 
when x=1. Show that if u=/f(x)+/f(y), v=ay, then u,v, ~-u,v,=0, and hence 
that w and v are connected by a functional relation. By putting y=1, show 
that this relation must be f(«)+/(y) =f(zy). Prove in a similar manner that 
if the derivative of f(x) is 1/(1+.), and f(0)=0, then f(#) must satisfy the 
equation 

U+ 
fetto=s(F). 
* dt 

25. Prove that if f (x)= | —.— ~then 

ie a Gers 


rayef yas FON. 


26. Show that if a functional relation exists peeeeen 
u=f(x)+f ly)t+f(2, e=fY)FEA+FOLM+AS@OIYO) vw=f@FIWFE), 


then f must be a constant. [The condition for a functional relation will be 
found to be 


f(a) f' Wh OIF Y-FEMFO-FOHAF@)-FY}=9.] 
a7. If f(y, 2), f(% x), and f(a, y) are connected by a functional relation 
then f(z, x) is independent of 2. 2 (Math. Trip. 1909.) 
98. If w=0, v=0, w=0 are the equations of three circles, rendered 
homogeneous as in Ex. 19, then the equation 
O (a, V, Ww) 
0 (x, Y, 2) 
represents the circle which cuts them all orthogonally. (Math. Trip. 1900.) 
29. If A, B, C are three functions of x such that 


A A’ aA" < 
B B BY : 
CC 0! 


vanishes identically, then we can find constants A, p, v such that AA +pB+v0 
vanishes identically ; and conversely. [The converse is almost obvious. To 
prove the direct theorem let a=BC"—D'C, .... Then a’ =BC"” -~B"C, ..., 
and it follows from the vanishing of the determinant that By’—B’y=9, ...; 
and so that the ratios a: 8 : y are constant. But aA+BB+yC=0.] 


30. Suppose that three variables x, y, z are connected by a relation in 
virtue of which (i) z is a function of w and y, with derivatives zz zy, and (ii) # 
is a function of y and z, with derivatives z,, x,. Prove that 


Ly= —2y/[2n, X= 1 fez. 
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[We have dz=2z,dx+2,dy, dx=x,dy+2,dz 
The result of substituting for dx in the first equation is 

Q dz= (2,XLy+2y) dy + 2,0,a2, 
which can be true only if z,7,+2,=0, 2,%=1.] 


31. Four variables x, y, z, u are connected by two relations in virtue of 
which any two can be expressed as functions of the others. Show that 


Ye" a 0= = Ver ZY tyF = 1 ‘ Si ae | + ys eur = 1, 
where y," denotes the derivative of y, when expressed as a function of z and wu, 
with respect to z. (Math. Trip. 1897.) 


32. Find A, B, C, A so that the first four derivatives of 
| < f(t) dt—2[Af(a) + Bf (a+22)+Of(at2)] 
vanish when «=0; and A, B, C, D, A, » so that the first six derivatives of 
[°F © dee [Af + Bf (ada) + Of 0+ no) + Df a+) 
vanish Hen c=. ) 


33. Ifa>0, ac—b?>0, and “> Xo, then 


ay dx 1 (#1 — %)/(ac— 6%) ) 
| nm, a+ 2ba-e  J(ae— by tn Crea yormnene 


the inverse tangent lying between O and 7.* 


34. Evaluate the integral fi et For what values of a is 
-1 
the integral a discontinuous function of a? (Math. Trip. 1904.) 


[The value of the integral is $m if 2nm7<a<(2n+1)7, and —4}z if 
(2x —1) r <<a< 2nm, n being any integer ; and 0 if a is a multiple of x.) 


35. Ifax?+2b4+e>0 when mSrs5x, f (x)= J/(ax*+2br+0), and 
Y= (x), Your (xo), ¥1 ae? A= (2, — Lo) (1 +Yo)s 

“ay 1 1+X Ja 

Ba ae? Tago en 
according as @ is positive or negative. - the latter case the inverse 
tangent lies between 0 and 37. [It will be found that the substitution 


then ae tan {X /(—a)}, 


_L-LXq wat 
ey, reduces the integral to the form 2 | i. J 
Be) Prove! that eS ee Wath. Trip. 1913 
b rove a 9 t+ a—a) 27 ( atl. Up. 3) 
37. lIfia>1 thea © YQ a! Derr m {a—,/(a?-1)}. 


1 a2 


* In connection with Exs. 33—35, 38, and 40 see a paper by Dr Bromwich 
in vol. xxxv of the Messenger of Mathematics, 


H. 20 
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38. Ifp>1,0<q<1, then 
| a ee ee 
o MIU +(p?= 1) @} {1 - (1-9) a] (p +g) sino’ 
where is the positive acute angle whose cosine is (1+pq9)/(p+q). 


™ sin? 6dé _ 20 


ae 2_ f2 
a—bcosd~ Bre nat — BY}. 


(Math. Trip. 1904.) 


se Ihe SdS0 then f 


40. Prove that if a> ./(b?+c?) then 


(2 ee arc tan wera 
5 iba d resin 7 GFA :— 62) C : 


the inverse tangent lying between 0 and az. 


b 
41, If f(#) is continuous and never negative, and | I (#) dxe=0, then 


a 
Ff (z)=0 for all values of x between a and b. [If f(x) were equal to a positive 
number & when #=, say, then we could, in virtue of the continuity of f(z), 
find an interval (€— 6, +6) throughout which f(x) >4é ; and then the value 
of the integral would be greater than 64.] 


42. Schwarz’s inequality for integrals. Prove that 


[ove «sa 


[Use the definitions of §§ 156 and 157, and the inequality 
(= $,¥,5,)? 5 2 $,78, 2,78, 
(Ch. I, Misc. Ex. 10).] 
1 ad \* : 
48, (0P.(7)=5— (Gaara! (<;) {(w—a)(B—x)}", then Py(x) is a poly- 
nomial of degree 7, which possesses the property that 
B 
i Pueyé (eyda=0 
if 6(~) is any polynomial of degree less than 2, [Integrate by parts m+1 


times, where m is the degree of 6 (x), and observe that (+1) (2) =0.] 


44, Prove that [: Pw (2) Py(e)da=0 if m + xn, but that if m= then the 
value of the integral i (B—a)/(2n+1). 

45. If @,(#) is a polynomial of degree n, which possesses the property 
that i ‘ Qn (2) O (aw) dz =0 if 6(x) is any polynomial of degree less than m, then 


@, (z) is a constant multiple of P, (7). 
[We can choose «x so that Q,—«P, is of degree »—1: then 


B B 
J. Qa(Qr-sPa)de=0, [Py Q.-KP,) domo, 
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B 
and so i (Qn —k Pn)? dx=0. 
Now apply Ex. 41.] 


46. Approximate Values of definite integrals. Show that the error 
F b 
in taking $(b—a) {p (a)+¢ (b)} as the value of the integral | d (x) dx is less 
a 


than +54 (6—a)3, where Jf is the maximum of | $”(x)| in the interval (a, 6); 
and that the error in taking (b— a) ¢ {$ (a+ b)} is less than J;M(b—a)%. [Write 
J’ (#@)=$ (#) in Exs. 4 and 5.] Show that the error in taking 


§ (6—a) [p (a) +o (6) +4¢ {3 (@+0)}] 
as the value is less than g345J/(b - a)5, where J/ is the maximum of gl) (x). 
[Use Ex. 6. This rule, which gives a very good approximation, is known as 
Simpson’s Rule. It amounts to taking one-third of the first approximation 
given above and two-thirds of the second. | 


Show that the approximation assigned by Simpson’s Rule is the area 
bounded by the lines x=a, x=b, y=0, and a parabola with its axis parallel 
to OF and passing through the three points on the curve y=¢(x#) whose 
abscissae are a, 4 (a+b), b. 


It should be observed that if p (x) is any cubic polynomial then p(4)(x) =0, 
and Simpson’s Rule is exact. That is to say, given three points whose 
abscissae are a, $(a+6), b, we can draw through them an infinity of curves 
of the type y=a+Axr+y2?+4x5; and all such curves give the same area. For 
one curve 6=0, and this curve is a parabola. 


47. If d(x) is a polynomial of the fifth degree, then 


1 
|, $e) ae= 3s (56 (a) +80 (8) +59 (8) 
a and 8 being the roots of the equation 2?—- «+ 5=0. (Math. Trip. 1909.) 


48. Apply Simpson’s Rule to the calculation of + from the formula 
] alg 
2 ae 
from 0 to 3 and 3 to 1, and apply Simpson’s Rule to the two integrals 
separately, we obtain °7853916.... The correct value is °7853981....] 


[The result is ‘7833.... If we divide the integral into two, 


fia) Schiirntlvst 89< | ‘(4422)de<9. (Math, Trip. 1903.) 
3 


50. Calculate the integrals 


1 de le de es "sine 
0 1+x’ i) (+a)? | sine) ae, i x ae, 
to two places of decimals. [In the last integral the subject of integration is 


not defined when #=0: but if we assign to it, when z=0, the value 1, it 
_ becomes continuous throughout the range of integration.] 


20—2 


CHAPTER VIII 


THE CONVERGENCE OF INFINITE SERIES AND 
INFINITE INTEGRALS 


165. In Ch. IV we explained what was meant by saying 
that an infinite series is convergent, divergent, or oscillatory, and | 
illustrated our definitions by a few simple examples, mainly 
derived from the geometrical series 


Ll+tet+a2?s+... 


and other series closely connected with it. In this chapter we 
shall pursue the subject in a more systematic manner, and prove 
a number of theorems which enable us to determine when the 
simplest series which commonly occur in analysis are convergent. 


We shall often use the notation 
i . 
Un + Umi + ee $Un = > (v), 


and write Lu,, or simply Yen, for the infinite series w+u,+U.+....* 
0 


166. Series of Positive Terms. The, theory of the con- 
vergence of series is comparatively simple when all the terms of 
the series considered are positivet. We shall consider such series 


* It is of course a matter of indifference whether we denote our series by | 
U,+Ug+... (as in Ch. IV) or by up+u,+... (as here). Later in this chapter we 
shall be concerned with series of the type aj +a,%+a,)2°+...: for these the latter 
notation is clearly more convenient. We shall therefore adopt this as our standard 
notation. But we shall not adhere to it systematically, and we shall suppose that a. 
is the first term whenever this course is more convenient. It is more convenient, 

\ for example, when dealing with the series 1+4+%+..., to suppose that u,—1/n 
‘and that the series begins with u,, than to suppose that u,=1/(n+1) and that the 
series begins with u,. This remark applies, e.g., to Ex. uxvit. 4. 


+ Here and in what follows ‘ positive’ is to be regarded as including zero, 
+ rimeetpagena 
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first, not only because they are the easiest to deal with, but also 
because the discussion of the convergence of a series containing 
negative or complex terms can often be made to depend upon 
a similar discussion of a series of positive terms only. 


When we are discussing the convergence or divergence of a 
series we may disregard any finite number of terms. Thus, when 
a series contains a finite number only of negative or complex terms, 
we may omit them and apply the theorems which follow to the 
remainder. 


167 It will be well to recall the following fundamental 
theorems established in § 77. 


A. A series of positive terms must be aa or diverge 
to «©, and cannot oscillate. 


B. The necessary and sufficient condition that Su, should be 
convergent is that there should be a number K such that 


Up tty +...+Un< KG 
for all values of n. 


C, The comparison theorem. If Su, 1s convergent, and 
Un Un for all values of n, then vp ts convergent, and Sv_ < Sup. 
More generally, if Kun, where K is a constant, then Sv», 
is convergent and nS K Sun. And if Su, ts divergent, and 
Un = Kun, then Yv_, 1s divergent.* : 

Moreover, in inferring the convergence or divergence of =, 
by means of one of these tests, it is sufficient to know that the 
‘test 1s satisfied for sufficiently large values of n, i.e. for all values 
of n greater than a definite value n. But of course the con- 
clusion that 2v,< Ku, does not necessarily hold in this case, 


A particularly useful case of this theorem is 

D. If Xu, ts convergent (divergent) and Un/v, tends to a limit 
other than zero as n > 0, then vp ts convergent (divergent). 

168. First applications of these tests. The one important 
fact which we know at present, as regards the convergence of any 


* The last part of this theorem was not actually stated in § 77, but the reader 
will have no difficulty in supplying the proof. 
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special class of series, is that Xr” is convergent if r<1 and 
divergent if r21.* It is therefore natural to try to apply 
Theorem C, taking u,=r". We at once find 


1. The series Srp is convergent if Up, < Kr”, where r <1, for all 
sufficiently large values of n. 


When Kk =1, this condition may be written in the form 2,1" s r. 
Hence we obtain what is known as Cauchy’s test for the con- 
vergence of a series of positive terms; viz. 


2. The series Xv, ts convergent if v,""s 7, where r<1, for 
all sufficiently large values of n. 


There is.a corresponding test for divergence, viz. 


Qa. The series Xv, is divergent tf v4" 21 for an mfinty of 
values of 1. 

This hardly requires proof, for v,”" 21 involves ,21. The 
two theorems 2 and 2a are of very wide application, but for 
some purposes it is more convenient to use a different test of 
convergence, viz. 


3. The series Xv ts convergent Uf Unir/UnS7, where r <1, for 
all sufficiently large values of n. 


To prove this we observe that if Uaqi/u, Sr when n Zn then 


Un = oD et) eee Yao Uno hed 


= Vn-1 Un—2 Ung 
and the result follows by comparison with the convergent series Zr”. 
This test is known as @’Alembert’s test. We shall see later that 
it is less general, theoretically, than Cauchy's, in that Cauchy's 
test can be applied whenever d’Alembert’s can, and sometimes 
when the latter cannot. Moreover the test for divergence which 
corresponds to d’Alembert’s test for convergence is much less 
general than the test given by Theorem 2a. It is true, as the 
reader will easily prove for himself, that if Upj/Un 27 2 1 for all 
values of 7, or all sufficiently large values, then 2v, is divergent. 
But it is not true (see Ex. Lxvil. 9) that this is so if only 
Unaa/Un ZY Z 1 for an infinity of values of n, whereas in Theorem 2a 


* We shall use r in this chapter to denote a number which is always positive 
or zero. 
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our test had only to be satisfied for such an infinity of values. 
None the less d’Alembert’s test is very useful in practice, because 
when 2% is a complicated function v,4,/v, is often much less 
complicated and so easier to work with. 


In the simplest cases which occur in analysis it often happens 
that vp4;/U, or v,"" tends to a limit as noo .* When this limit 
is less than 1, it is evident that the conditions of Theorems 2 or 
3 above are satisfied. Thus 


4, Lf Un!” or Unia/Un tends to a limit less than unity as n>, 
then the series Xv», 1s convergent. 


It is almost obvious that if either function tend to a limit 
greater than unity, then =v, is divergent. We leave the formal 
proof of this as an exercise to the reader. But when »,” or 
Unti/Yn tends to 1 these tests generally fail completely, and they 
fail also when 2,2” or U4;/¥, oscillates in such a way that, while 
always less than I, it assumes for an infinity of values of n values 
approaching indefinitely near to 1. And the tests which involve 
Un4i/Un fail even when that ratio oscillates so as to be sometimes 
less than and sometimes greater than 1. When v," behaves in 
this way Theorem 2a is sufficient to prove the divergence of the 
series. But it is clear that there is a wide margin of cases in 
which some more subtle tests will be needed. 


Examples LXVII. 1. Apply Cauchy’s and d’Alembert’s tests (as 
specialised in 4 above) to the series Sn", where & is a positive rational 
number. 


[Here vp 43/0, = {(u+1)/n}*¥r—~>r, so that d’Alembert’s test shows at once 
that the series is convergent if <1 and divergent if 7>1. The test fails if 
*=1: but the series is then obviously divergent. Since lim 2/"=1 (Ex. xxvit. 
11), Cauchy’s test leads at once to the same conclusions. ] ; 


2. Consider the series 3(An*¥+ Bnk-1+...4+K)r% [We may suppose A 
positive. If the coefficient of r” is denoted by P(n), then P(n)/nt->A and, 
by D of § 167, the series behaves like Sn*,] 


Ank+ Bk 4.4K 
an! + Br'-l4...4+% 

[The series behaves like 3n*-'"7, The case in which r=1, k<l requires 
further consideration. | 


3. Consider S 72 (Aes 0.a > 0). 


* It will be proved in Ch, IX (Ex. uxxxvit. 36) that if Un4/V,—> l then v,1/"* > 1, AS > 


That the converse is not true may be seen by supposing that v,=1 when n is odd _ 
and v,=2_when 1 is even, 
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4, We have seen (Ch. IV, Misc. Ex. 17) that the series 


S ] s ji 
n(n+1)’ n(n+1)...(n+p) 
are convergent. Show that Cauchy’s and d’Alembert’s tests both fail when 
applied to them. [For lim w,!/*=lim (uy 41/u,)=1.] 


5. Show that the series 32~?, where p is an integer not less than 2, is 
convergent. [Since lim {n(2+1)...(n+p—1)}/n?=1, this follows from the 
convergence of the series considered in Ex. 4. It has already been shown 
in § 77, (7) that the series is divergent if p=1, and it is obviously divergent if 

<0.] 


6. Show that the series 


Ank + Bnk¥-l4+ 4K 
an’ + Bri-l+ +k 
is convergent if />44+1 and divergent if /<4+1. 


7. Ifm, is a positive integer, and m,,1>m,, then the series 37» is con- 
vergent if <1 and divergent if 721. For example the series 1+7+74+79+,.. 
is convergent if »<1 and divergent if * 21. 


8. Sum the series 1+2r+274+... to 24 places of decimals when r='1 
and to 2 places when r="9. [If r='l, then the first 5 terms give the 
sum 1:2002000020000002, and the error is 


D754. D736 4. 277 4 236 4. DoT 4. = Yr?5/(1 — 711) < 3/105, 


If r=°9, then the first 8 terms give the sum 5°458..., and the error is less 
than 276/(1 —717) <:003.] 


9 If 0<a<d<l, then the series a+b+a?+0?+a3+... is convergent. 
- Show that Cauchy’s test may be applied to this series, but that d’Alembert’s 
test fails. [For 


Ven+1/Von=(b/a)"*1> 0, Vense/Ven41= 0 geese 


10. The series l4+rt so — . and er 


3! its 


+ -. are convergent 


Q2* 33 


for all positive values of 7. 
11. TiSaais oe then so are Su,” and Sup, /(1+4,). 


12, If Sw,? is convergent then so is 3u,/n. [For 2u, /nSu,2+(1/n?) and 
3 (1/n?) is convergent.] 
1 


1 3 ee | 
13. Show that pt atonal +32 +Rt-.) and 


Tg 15 gil 
ltmtaats ee gtpatgt-mig Matgt). 
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[To prove the first result we note that 
l 1 oe! 
ltatat. tdi 
gi liga 
by-Theorems (8) and (6) of § ne 


14. Prove by a reductio ad absurdum that 3(1/n) is divergent. [If the 
series were convergent we should have, by the argument used in Ex. 13, 


1+g+3+...=(1 +3434...) +h (143434...) 
or S+Z+4h+...=1 4344+... 


which is obviously absurd, since every term of the first series is less than the 
corresponding term of the second.] 


« 


169. Before proceeding further in the investigation of tests 
of convergence and divergence, we shall prove an important general 
theorem concerning series of positive terms. 


Dirichlet’s Theorem.* The sum of a series of positive 
terms is the same in whatever order the terms are taken. 


This theorem asserts that if we have a convergent series of 
positive terms, uy + u,+U,+... say, and form any other series 


Vy + Uy H+ Ve + 


out of the same terms, by taking them in any new order, then the 
second series is convergent and has the same sum as the first. 
Of course no terms must be omitted: every u must come some- 
where among the v’s, and vice versa. 


The proof is extremely simple. Let s be the sum of the series 
of u's. Then the sum of any number of terms, selected from the 
ws, 1s not greater than s. But every v isa u, and therefore the 
sum of any number of terms selected from the v’s is not greater 
than s. Hence Sv, is convergent, and its sum ¢ is not greater 
than s. But we can show in exactly the same way that s<t. 
Thus s =t. 7 


170. Multiplication of Series of Positive Terms. An 
immediate corollary from Dirichlet’s Theorem is the following 
theorem: tf uy + + U2... and %+0,+%+... are two convergent 


* This theorem seems to have first been stated explicitly by Dirichlet in 1837. 
It was no doubt known to earlier writers, and in particular to Cauchy. 
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series of positive terms, and s and t are their respective sums, 
then the series | 
Uy H (Uy Vo + UV) + (Ug + UV + Uy Ve) +... 
zs convergent and has the sum st. 
Arrange all the possible products of pairs u,v, in the form of 

a doubly infinite array 

Ugo UsVot Uso | Usd 

UpYa Uy Yq Un Va] Ug Ve 
We can rearrange these terms in the form of a simply infinite 
series in a variety of ways. Among these are the following. 


(1) We begin with the single term u% for which m+n=0; 
then we take the two terms 1%, Uv, for which m+n=1; then 
the three terms 1,%, U,V,, WV. for which m+m”=2; and so on. 
We thus obtain the series 


Up Vp + (UzVo + Uo) + (U2 + UV + UpY2) +... 
of the theorem. 


(2) We begin with the single term w,% for which both 
suffixes are zero; then we take the terms u,%, U,%, Uv, Which 
involve a suffix 1 but no higher suffix; then the terms u,%, u%2, 
UyV2, UyVo, UyV2 Which involve a suffix 2 but no higher suffix; and 
soon. The sums of these groups of terms are respectively equal to 

UpUo, (Uy + Ur) (Vp + V1) — Uo, 

(Uy + Uy + Us) (Up + Vy + Ue) — (Uo + Ua) (M+ UI), oe 
and the sum of the first n+ 1 groups is | 
(Up + th +... Un) (Uo + M+. +n), 

and tends to st as n ~ 0. When the sum of the series is formed: 
in this manner the sym of the first one, two, three, .:. groups 
comprises all the terms in the first, second, third, ... rectangles 
indicated in the diagram above. 


The sum of the series formed in the second manner is st. 
But the first series is (when the brackets are removed) a rearrange- 
ment of the second; and therefore, by Dirichlet’s Theorem, it con- 
verges to the sum st. Thus the theorem is proved. 
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Examples LXVIII. 1 Verify that ifr <1 then 

1+Ptrtritr64 34 ...=l+rt+h4rth4e7+,..=1/(1-1). 

2.* If either of the series vp +%,+..., U+2+... is divergent, then so is 
the series Vy + (1% +901) + (tgp + U1 V1 +My U2) +... except in the trivial 
case in which every term of one series is zero. 

3. If the series u+u,+..., tut... WtW+... Converge to sums 
r, 8, t, then the series 3A;, where A,=3UmV, Wp, the summation being extended 


to all sets of values of m, x, p such that m+n+p=h, converges to the 
sum 7rs¢. 


4, If Su, and Sv, converge to sums s and ¢, then the series Sw,, where 
Wn=ZMVm, the summation extending to all pairs 7, m for which lm=n, 
converges to the sum st. 


171. Further tests for convergence and divergence. 
The examples on pp. 311—313 suffice to show that there are 
simple and interesting types of series of positive terms which 
cannot be dealt with by the general tests of § 168. In fact, if 
we consider the simplest type of series, in which wy4,/u, tends 
to a limit as n > 0, the tests of §168 generally fail when this limit 
is 1. Thus in Ex. txvir. 5 these tests failed, and we had to fall 
back upon a special device, which was in essence that of using 
the series of Ex. LXVII. 4 as our comparison series, instead of 
the geometric series. 


=e 


The fact is that the geometric series, by comparison with which the tests | 


of § 168 were obtained, is not only convergent but very rapidly convergent, 
far more rapidly than is necessary in order to ensure convergence. The tests 
derived from comparison with it are therefore naturally very crude, and much 
more delicate tests are often wanted. 


We proved in Ex, xxvii. 7 that n*r”->0 as n>, provided r<l, what- 
ever value £ may have; and in Ex. uxvit. 1. we proved more than this, 
viz. that the series Sn*r” is convergent. It follows that the sequence 
7, 1, 7, ..., 7", ..., Where <1, diminishes more rapidly than the sequence 
17*,2-*, 3-* ...,27*,..... This seems at first paradoxical if r is not much less 
than unity, and & is large. Thus of the two sequences 

B)$.a70 3 Lads saveat © 
whose general terms are (#)" and 2~!%, the second seems at first sight to 
decrease far more rapidly. But this is far from being the case; if only we 
go far enough into the sequences we shall find the terms of the first sequence 
very much the smaller. For example, 


(2/3)*=16/81<1/5, (2/3)!2<(1/5)3<(1/10)?, (2/3)!000<(1/10)166, 
while 1000 ~ 12 = 10-36 


* In Exs, 2—4 the series considered are of course series of positive terms. 


\\ 


}} 
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so that the 1000th term of the first sequence is less than the 10th part of 
the corresponding term of the second sequence. Thus the series & (2/3)" is 
far more rapidly convergent than the series 37-12, and even this series is 
very much more rapidly convergent than =n~2,.* 


172. We shall proceed to establish two further tests for the 
convergence or divergence of series of positive terms, Maclaurin’s 
(or Cauchy’s) Integral Test and Cauchy’s Condensation 
Test, which, though very far from being completely general, are 
sufficiently general for our needs:in this chapter. 


In applying either of these tests we make a further assumption 
as to the nature of the function u,, about which we have so far 
assumed only that 1t is positive. We assume that aw, decreases 
steadily with n: ie. that Uni S Un for all values of n. or at any rate 
all sufficiently large values. 


This condition is satisfied in all the most important cases. From one 
point of view it may be regarded as no restriction at all, so long as we are 


_ dealing with series of positive terms: for in virtue of Dirichlet’s theorem 


above we may rearrange the terms without affecting the question of con- 
vergence or divergence; and there is nothing to prevent us rearranging the 
terms in descending order of magnitude, and applying our tests to the series of 
decreasing terms thus obtained. 


But before we proceed to the statement of these two tests, 
we shall state and prove a simple and important theorem, which 
we shall call Abel’s Theoremt. This is a one-sided theorem in 
that it gives a sufficient test for divergence only and not for 
convergence, but it is essentially of a more elementary character 
than the two theorems mentioned above. 


# 
173. <Abel’s (or Pringsheim’s) Theorem. J/ Su, is a convergent series of 
positive and decreasing terms, then lim nup=0. 


Suppose that nz, does not tend to zero. Then it is possible to find a 
positive number 6 such that nu, 26 for an infinity of values of x. Let n, be 
the first such value of 23; m, the next such value of m which is more than 


* Five terms suffice to give the sum of =n~!* correctly to 7 places of decimals, 
whereas some 10,000,000 are needed to give an equally good approximation to Zn-? 
A large number of numerical results of this character will be found in Appendix III 
(compiled by Mr J. Jackson) to the author's tract ‘Orders of Infinity’ (Cambridge 
Math. Tracts, No. 12). 

+ This theorem was discovered by Abel but forgotten, and rediscovered by 
Pringsheim. 
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twice as large as 7; 23 the next such value of 2 which is more than twice 
as large as n,; and soon. Then we havea sequence of numbers 71, 72, 73, ... 
such that mg > 27, 23> 2m, ... and so m— 2 >Fnq, 3-2 >$73,...; 
and also 12Up, 26, No%n,2Z5,.... But, since uw, decreases as n increases, 
we have 

Ug FU... + Un, 12 2 Un, 2S, 


Un, boo + Ung—1 Z (Re — 21) Un, > $NqUn, =F, 


Ung Hose $Un,—1 2 (M3 — Ne) Ung > $23 Un, = Fd, 


and soon. Thus we can bracket the terms of the series Sw, so as to obtain {\__ 


a new series whose terms are severally greater than those of the divergent | 
series 
S+$54354+...5 


and therefore Sw, is divergent. 


Examples LXIX. 1. Use Abel’s theorem to show that 3(1/n) and, 
= {1/(an+)} are divergent. [Here nu,->1 or nu,>1/a.] 


2. Show that Abel’s theorem is not true if we omit the condition that wu, 
decreases as 7 increases. ye series 


lL .1 


1 
Itats Bi tatatptaty + ate 


4 


in which u,=1/n or 1/n*, according as n : or is not a perfect square, is 
convergent, since it may be = in the form 
1. 1 1 + 
33 + 35 + ate aa 7 sete 


and each of these series is convergent. But, since nu,=1 whenever w is a 
perfect square, it is clearly not true that nu,—>0.] 


1 ye 
tipet-. + (++ jt) 


3. The converse of Abel’s theorem is not true, 2.e. it is not true that, if un 
decreases with 2 and lim nu,=0, then 3 u, is convergent. 


[Take the series 5 (1/n) and multiply the first term by 1, the second by 3, 
the next two by 3, the next four by 4, the next eight by}, and soon, On 
grouping in brackets the terms of tne new series thus formed we obtain 

1th. $49 +P 4+2R+44+H4 D453 
and this series is divergent, since its terms are greater than those of 
14+3.444.$4+4.$H+..., 
which is divergent. But it is easy to see that the terms of the series 


143.344. 444.¢4+3. 344.44... 


satisfy the condition that nun—0O. In fact nu,=1/v if 2”? <u<2""’, and 
pyro asn > all 
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174. Maclaurin’s 8 (or Cauchy’s) Integral Test.* If x, 
decreases steadily as mn increases, we can write u,a=(n) and 
suppose that ¢(n) is the value assumed, when x=n, by a con- 
tinuous and steadily decreasing function ¢ (a) of the continuous 
variable # Then, if v is any positive integer, we have 


ae HON EHWHESO 


whenv—lsazsv. Let 


w=$e-1)-[ g@de=| [6 0-1)-$@)} de, 
so that 05x<$60-1)-¢@. Coy 
\ 
Then Sv, is a series of positive terms, and | 


Vg + Us +... + Un o(1)- p(n) s ¢ (1). 


° 4) ~f[¥.- 
Hence 2v, is convergent, and so v2 + Us-+... Uy OF ( 


n—-1 n K 
S$()-| o@ade 
tends to a positive limit as n>. 
a g 
Let us write ® (€)= [ d (x) da, 


so that ® (£) is a continuous and steadily i Incr function of &. 
Then 
Uy + Ug +... + Un — P(n) 

tends to a positive limit, not greater than ¢ (1), as n +o. Hence 

du, is convergent or divergent according as P(n) tends to a limit 
'\, or to infinity as n> , and therefore, since ® (n) increases steadily) 

according as ® (£) tends to a limit or to infinity as E> 0. Hence 

uf d(x) 1s a function of x which is positive and continuous for all 

values of « greater than unity, and decreases steadily as x increases, 


then the serves } 
(1) + $(2)+... 
does or does not converge according as 


g 
(=| $@)de 
does or does not tend to a limit l as Eo; and, in the first case, 
\\ the swum of the series 1s not greater than GU)th - 


* The test was discovered by Maclaurin and rediscovered by Cauchy, to whom 
it is usually attributed. 
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The sum must in fact be less than @(1)+/. For it follows from (6) of 4-2. 
§ 160, and Ch. VII, Misc. Ex. 41, that v1, <<o(v—1)—(v), unless d(x)=(v) |» 3. 
throughout the interval (vy —1, v) ; and this cannot be true for all values of v. 


Examples LXX. 1. Prove that 


00 1 é 
2 plate 
2, Prove that ee (Math. Trip. 1909.) 
1a°+n 
3. Prove that if m > 0 then 
1 1 1 = ij 
met (m+ * (m42)2* Se 


175. The series n~*. By far the most important applica- 
tion of the Integral Test is to the series 


1$427%437%4+...4n784+. 


where s is any rational number. We have seen — (§ 7 and f /. 
Exs. LXVvu. 14, LX1x. 1) that the series is divergent when s = =1. 


If s=0 then it is obvious that the series is divergent. If 
s>0 then w, decreases as n increases, and we can apply the test. 
' Here 
ou = 1 
o(p= |S =-F* 


unlesss=1. IRfs >1 then #&"~0 as vn 0 , and 


P (£)->1/(s—1) =], 
say. And if s<1 then &*+o as E+, and so ®(£)>o. 


Thus the series Xn-* is convergent if s >1, divergent if s <1, and in 


the first case its sum is less than s)(s—1). 1p (+ 91) = Fa + gin 5 

ae (7 

ee ~~ F a . 

So far as divergence for s<1 is concerned, this result might have f 
been derived at once from comparison with 3(1/z), which we already know 


to be divergent. 


? 


It is however interesting to see how the Integral Test may be applied to 
the series = (1/n), when the preceding analysis fails. In this case 


e@=/'%, 


and it is easy to see that @(£) > 0 asé>o. For if £>2" then 


2 2 4 7 a . 
&(é)> oof 2+] att] a 


xv wv 2 a 7 x 
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But by putting c=2"u we obtain 


art] dx 2du 
Qr aL 1 te? 


2 
and so @(£)>n = , Which shows that @(£)> © as +o. 
1 


Examples LXXI. 1. Prove by an argument similar to that used above, 
and without integration, that  (£)= | : = where s<1, tendsto infinity with & 
1 


2. The series 37-2, 32-3, 32-1110 are convergent, and their sums are 
not greater than 2, 3, 11 respectively. The series 3271/7, 3n71/1 are 
divergent. 


3. The series 3n*/(n'+a), where a>0, is convergent or divergent accord- 
ng ast>1+sort<1+s. [Compare with 3”*-+] 


4, Discuss the convergence or divergence of the series 


S (ay n°) + agn2+... +ayn**)/(b,n2 + bon2+... +504), 
where all the letters denote positive numbers and the s’s and ?s are rational 
and arranged in descending order of magnitude. 


5. Prove that 
i ul 


I 
2 ee oe ee 


1 1 1 
ak 2 ee 
MOT MCT IE) +...<$ (7 +1). 


4,/3 
(Math. Trip. 1911.) 


6. Ifp(n)+1>1 then the series 32 ~% (") isconvergent. If @(n)>1<1 
then it is divergent. 


176. Cauchy’s Condensation Test. ‘The second of the 
two tests mentioned in § 172 is as follows: if u,=(n) ws a 
decreasing function of n, then the sertes Xp(n) ts convergent or 
divergent according as 2” ¢ (2”) ts convergent or divergent. 


We can prove this by an argument which we have used 
already (§ 77) in the special case of the series }(1/n). In the 


first place 
$ (3) + $ (4) = 2¢ (4), 
$ (5) + $ (6) +... + $ (8) = 46 (8), 


fh (2" +1)+ (2° +2) +... + bp (2%) 2 2" hb (2"*). 
If 5 2"¢(2") diverges then so do } 2"1'4(2"*) and & 2" ¢ (2"*), 
and then the inequalities just obtained show that >} }(n) diverges. 
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On the other hand 
$(2)+ (3) 5 26 (2), $(4)+6(5)+...+6(7) 5 46 (4), 


and so on. And from this set of inequalities it follows that 
if = 2" 6 (2”) converges then so does } f(n). Thus the theorem is 
established. 


For our present purposes the field of application of this test is 
practically the same as that of the Integral Test. It enables us 
to discuss the series } n~* with equal ease. For = n-* will converge 
or diverge according as %2"2-"* converges or diverges, i.e. ac- 
cording as s>1 or s<1. 


Examples LXXII. 1. Show that if a is any pésitive integer greater 
than 1 then 3@() is convergent or divergent according as Sa" (a") is 
convergent or divergent. [Use the same arguments as above, taking groups 
of a, a’, a3, ... terms. ] ; 


2. If 22"¢ (2") converges then it is obvious that lim 2"¢ (2")=0. Hence 
deduce Abel’s Theorem of § 173. . 


177. Infinite Integrals. The Integral Test of § 174 shows 
that, if (x) is a positive and decreasing function of x, then the 
series  $(n) is convergent or divergent according as the integral 
function ® (x) does or does not tend to a limit as x+a. Let 
us suppose that it does tend to a limit, and that 


lim [satan 
trod i 
Then we shall say that the integral 


[-s@ae 


vs convergent, and haus the value 1; and we shall call the 
integral an infinite integral. 

So far we have supposed ¢ (¢) positive and decreasing. But it 
is natural to extend our definition to other cases. Nor is there 
any special point in supposing the lower limit to be unity. We 
are accordingly led to formulate the following definition: 


If $ (t) 1s a function of t continuous when t 2 a, and 


[ae ["o@at=2 
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then we shall say that the infinite integral 


as convergent and has the value l. 


The ordinary integral between limits a and A, as defined in 
Ch. VII, we shall sometimes call in contrast a finite integral. 


On the other hand, when 


["¢@a—o, 


we shall say that the integral diverges to «0, and we can give a 
similar definition of divergence to — oo. -: Finally, when none of 
these alternatives occur, we shall say that the integral oscillates, 
jinitely or infinitely, as > a. 


These definitions suggest the following remarks. 


(i) If we write | ”  (t) dt =6 (c), 


then the integral converges, diverges, or oscillates according as ® (.r) tends to 
a limit, tends to «-(or to —o ), or oscillates, as ¢>o. If @(x) tends to a 
limit, which we may denote by © (« ), then the value of the integral is @ (o ). 
More generally, if ® (~) is any integral function of ¢ (w), then the value of the 
integral is @(« )— (a). : 


(ii) In the special case in which ¢(¢) is always positive it is clear 
that (7) is an increasing function of # Hence the only alternatives are 
convergence and divergence to o. 


(iii) The integral (1) of course depends on a, but is quite independent of ¢, 
and is in no way altered by the substitution of any other letter for ¢ (cf. 


§ 157). . 


(iv) Of course the reader will not be puzzled by the use of the term 
infinite integral to denote something which has a definite value such as 
2 or4m. The distinction between an infinite integral and a finite integral 
is similar to that between an infinite series and a finite series; no one supposes 
that an infinite series is necessarily divergent. 


(v) The integral | (t)dt was defined in §§ 156 and 157 as a simple 
a 


limit, ze. the limit of a certain finite sum. The infinite integral is therefore 
the limit of a limit, or what is known as a repeated limit. The notion of the 
infinite integral is in fact essentially more complex than that of the finite 
integral, of which it is a development. 
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(vi) The Integral Test of § 174 may now be stated in the form: ¢f ¢ (x) ds 
positive and steadily decreases as x increases, then the infinite series 2 h (n) and the 
infinite integral | gd (x) dz converge or diverge together. 

1 . 


(vii) The reader will find no difficulty in formulating and proving theorems 
for infinite integrals analogous to those stated in (1)—(6) of § 77. Thus the 


result analogous to (2) is that 2f | p(x) dx ts convergent, and b> a, then © 
a . 


| x (x) dx ts converyent and 
00 b 0 
il p (”) aie= | p (#) a+ | p (x) dx. 
a a b 


178. The case in which ¢(«) is positive. It is natural 
to consider what are the general theorems, concerning the con- 
vergence or divergence of the infinite integral (1) of § 177, 
analogous to theorems A—D of § 167. That A is true of integrals 
as well as of series we have already seen in § 177, (ii). Corre- 
sponding to B we have the theorem that the necessary and sufficient 
condition for the convergence of the integral (1) is that it should be 
possible to find a constant K such that 


| “o(\di<K 
a 
for all values of x greater than a. 


Sunilarly, corresponding to C, we have the theorem: if 


| ‘ p (a) dx is convergent, and > («) = Kd (a) for all values of x 


greater than a, then | yr (x) dx ts convergent and 
a 


| : ia) dze Ke | - Ge 


We leave it to the reader to formulate the corresponding test for 
divergence. 


We may observe that D’Alembert’s test (§ 168), depending 
as it does on the notion of successive terms, has no analogue for 
integrals; and that the analogue of Cauchy’s test is not of much 
importance, and in any case could only be formulated when we 
have investigated in greater detail the theory of the function 

21—2 


: 


s a” Fe | 


BY], 
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¢ (&) = r*, as we shall do in Ch. IX. The most important special 
tests are obtained by comparison with the integral 


© di 
ip ms (a >0), 


whose convergence or divergence we have investigated in § 175, 
and are as follows: if $ (x) < Ka-*, where s>1, when « 2 a, then 


a d (a) dx is convergent; and if d(«) > Ku-*, where s <1, when 


aZa, then the integral is divergent; and in particular, if 
lim a $(a)=1, where 1>0, then the integral is convergent or 
divergent according as s>1 or s1. 

There is one fundamental property of a convergent infinite series in 


regard to which the analogy between infinite series and infinite integrals 
breaks down. If 3¢(n) is convergent then @(z)->0; but it is not always 


true, even when ¢ (x) is always positive, that if | (x) dx is convergent 
a 
‘then p (x) —>0. 


Consider for example the function ¢() whose graph is indicated by the 
thick line in the figure. Here the height of the peaks corresponding to the 
points +=1, 2, 3,...is in each case unity, and the breadth of the peak corre- 


Y 


0 t 2 a 
Fig. a0) 


sponding to =n is 2/(n+1)% The area of the — is 1/(n+1)*, and it is 
evident that, for any value of &, 


g o 4 
[oo Oe ele 
so that | ¢ (x) dx is convergent ; but it is not true that ¢ (x).-~0 
0 


Examples LXXIII. 1. The integral 


i av? +Bot-14...42 


debe 


where a and A are positive and a is greater than the greatest root of the 
denominator, is convergent if s>7+1 and otherwise divergent. 
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2. Which of the integrals 
” dx ” dz i" dx i, ada i vida iq vdx 
a 


Sa a Ota’ fq e+e? Cpa? Jag at2Bu? + ya4 


ee 
are convergent? In the first two integrals it is supposed that a>0, and 
in the last that @ is greater than the greatest root (if any) of the de- 
nominator. 


3. The integrals 
 . ce g 
| cos dx, | sin wd, i cos (ax +B) dx 
a a a 
oscillate finitely as >. 
4, The integrals 
é re é 
| x cos xdx, i a sin ed, it az” cos (az +) dz, 
a a a 


where n is any positive integer, oscillate infinitely as £>o. 


a 
5. Integralsto —o. If | : d (x) dx tends to a limit las é>—o, then we 


a 
say that i ¢ (x) dx is convergent and equal to 7. Such integrals possess 


properties in every respect analogous to those of the integrals discussed in the 
preceding sections: the reader will find no difficulty in formulating them. 


6. Integrals from —o© to +o. Ifthe integrals 
[pean | pcyae 
are both convergent, and have the values 4, 7 respectively, then we say that 
6 (a) dz 
is convergent and has the value £+7. 


7. Prove that 
i JS) a 
~ol+a? Jo 142? — ae 


8. Prove generally that 
| oepaene | gas, 
-o 0 


rd 


provided that the integral | ¢ (u?) dx is convergent. 
0 6 


9. Prove that if | xh (x*) dz is convergent then [ an (e)yde=0. 
0 Ey roe) 
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10. Analogue of Abel’s Theorem of § 173. Jf d(x) is positive and 
steadily decreases, and | p(x) dx ts convergent, then rp(x7)>0. Prove this 
a 


(a) by means of Abel’s Theorem and the Integral Test and (6) directly, by 
arguments analogous to those of § 173. 


Unt 
ll. If a=ay <4, <4,<... and *,--0, and n= | 'p (x) da, then the 
Ty 


convergence of | o (x) dx involves that of Su,. If ¢(«) is always positive 
a 


the converse statement is also true. [That the converse is not true in 
general is shown by the example in which ¢ (7)=cos #, #,=n7.] 


179. Application to infinite integrals of the rules for 
substitution and integration by parts. The rules for the 
transformation of a definite integral which were discussed in 
§ 161 may be extended so as to apply to infinite integrals. 


(1) ‘Transformation by substitution. Suppose that 


[Oe eres (1) 


is convergent. Further suppose that, for any value of & greater 
than a, we have, as in § 161, 


c vie [ OPO Taal sear (2), 


where a=f(b), €=f(r). Finally suppose that the functional 
relation «=f (t) is such that co ast. Then, making + 
and so & tend to » in (2), we see that the integral 


ir i (f(t); F (t) COD So aaa are: (3) 


is convergent and equal to the integral (1). 


On the other hand it may happen that ‘E> oo as T+ —0 
oras t—~c. In the first case we obtain 


["¢@de= tim [etrolr oa 
-- iim | etror@a=-|" aro wae 


b 
-0 
In the second case we obtain 


| d (x) da = lim [ dG Oat ee (4), 
We shall return to this equation in § 181. 


178, 179] AND INFINITE INTEGRALS 327 


There are of course corresponding results for the integrals 


["¢@ax, |" $@)ae, 


which it is not worth while to set out in detail: the reader will 
be able to formulate them for himself. 


Examples LXXIV. 1. Show, by means of the substitution ¢=2*, 
that if s>1 and a>O then 


| wtdema | reo Ty. 
1 


1 


and verify the result by calculating the value of each integral direcily. 


oat / @ (x) dx is convergent then it is equal to one or other of 
a 
a-B)/o 


ee ( 
«| ay (at +8) dt, ; =a [© db (at +B) dt, 


according as a is positive or negative. 


3. If (x) is a positive and steadily decreasing function of w, and a and 
8 are any positive numbers, then the convergence of the series = ¢ (z) implies 
and is implied by that of the series 3d (an+). 


[It follows at once, on making the substitution r=at+B, that the 
integrals 


| j h (x) dx, | . eee (at +) dé 


converge or diverge together. Now use the Integral Test. ] 


4. Show that ia eut 20 | 


: ea —" 
5. Show that te (+2) a= 577. 
[Put x=# and integrate by parts. ] 


6. If p(v)>A as x>o, and (4) >hk as x> — ow, then 


[ @@-a)-$(@-0} de= -(a-Y) hb, 
[ror f* een eh de=[* gle-ade—[" o(e-bde 


=| :_* soa | "dae | 


aN a fr"¢ (¢) dt. 
‘-@ E-a 


=& 


Ny 
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The first of these two integrals may be expressed in the form 
-#/—) 
(a—b)k+ ee 
-é'- 


where p->-0 as £'->o, and the modulus of the last integral is less than or 
equal to |a—6| «x, where « is the greatest value of p throughout the interval 
(-&-a, —~&-—b). Hence 


afb 
| Hie ae 
The second integral may be discussed similarly.] 


(2) Integration by parts. The formula for integration by 
parts (§ 161) is 


| i (a) $' (w) da =f(E) $ (E) -—S(@) $ (a) - I f’ (@) (a) da. 


Suppose now that §+o. Then if any two of the three terms 
in the above equation which involve & tend to limits, so does the 
third, and we obtain the result 


[°7@4 @de= lim FO$O-/@6@- |" FO $e 


There are of course similar results for integrals to — «©, or from 
— 0 to 0, 


“ ax 
Examples LXXV. 1. Show that Ihe ie y 3. : eey i 
ae eee 
ip apa |, (eee [¢ 
- ada 


3. If m and n are positive integers, and J,,,= » dayne then 


Lnn={m|(m+n—-V)} Ini... Hence prove that Ly ,=m !(n—2)!/(m+n—1)!. 


ae 2 gimtldy © 
4, Show similarly thatif Jna»a= » A+atymen then 


Lnn={m](m+n—- Uh Ln-129 2Limnn=m!(n—2)!/(m4+n—1)!. 
Verify the result by applying the substitution 2=¢? to the result of Ex. 3. 


180. Other types of infinite integrals. It was assumed, 
in the definition of the ordinary or finite integral given in 
Ch. VII, that (1) the range of integration is finite and (2) the 
subject of integration is continuous. 


It is possible, however, to extend the notion of the ‘definite 
integral’ so as to apply to many cases in which these conditions 
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are not satisfied. The ‘infinite’ integrals which we have discussed 
in the preceding sections, for example, differ from those of Ch. VIT 
in that the range of integration is infinite. We shall now suppose 
that it is the second of the conditions (1), (2) that is not satisfied. 
It is natural to try to frame definitions applicable to some such 
cases at any rate. There is only one such case which we shall 
consider here. We shall suppose that $(2) is continuous throughout 
the range of integration (a, A) except for a finite number of values 
of w, say w = &, &,...,and that d(«) > or d(x) >— as w# tends 
to any of these exceptional values from either side. 


It is evident that we need only consider the case in which 
(a, A) contains one such point & When there is more than one such 
point we can divide up (a, A) into a finite number of sub-intervals 
each of which contains only one; and, if the value of the integral 
over each of these sub-intervals has been defined, we can then 
define the integral over the whole interval as being the sum of 
the integrals over each sub-interval. Further, we can suppose 
that the one point € in (a, A) comes at one or other of the 
limits a, A. For, if it comes between a and A, we can then 


A 
define | d (x) dx as 


[s@ac+[o@ dx, 


assuming each of these integrals to have been satisfactorily de- 
fined. We shall suppose, then, that =a; it is evident that the 
definitions to which we are led will apply, with trifling changes, to 
the case in which = A. 


Let us then suppose ¢ (a) to be continuous throughout (a, A) 
except for «=a, while $(2)>o as xa through values greater 
than a. A typical example of such a function is given by 


d (2) = (x a ay, 
where s>0Q; or, in particular, if a=0, by d(#)=a7*. Let us 
therefore consider how we can define 


Ady 
I Se tl (1), 
when s>0. | 
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The integral i ys? dy is convergent if s< 1 (§ 175) and means 
WA 


+ eeaslil a | 
him { y* dy. But if we make the substitution y=1/z, we 
nerel A 


obtain 


" A 
| ye? dy = | ao Sialee: 
1/A 1/y 


A 
Thus lim | a *dz, or, what is the same thing, 


yen J 1/y 
e ‘A 
lim | Caran, 
e>+0/e 
exists provided that s<1; and it is natural to define the value of 
the integral (1) as being equal to this limit. Similar considerations 


A 
lead us to define | (a —a)* dx by the equation 


A A 
| (2—ay "ee = lim (a —a)* da. 


e->+0/ ate 
Weare thus led to the following general definition: ¢f the integral 


i, soe 


tends to a limit l as e>+ 0, we shall say that the integral 


[ve (a) da 


as convergent and has the value l. 
Similarly, when @(#) > as x tends to the upper hmit. A, we 
A 


define | (x)dz as being 


Tare Cone: 
e>+0-4a 
and then, as we explained above, we can extend our definitions to 
cover the case in which the interval (a, A) contains any finite 
number of infinities of ¢ (2). 

An integral in which the subject of integration tends to 
or to — as « tends to some value or values included in the range 
of integration will be called an infinite integral of the second kind: 
the first kind of infinite integrals being the class discussed in 
§§ 177 et seq. Nearly all the remarks (i)—(vii) made at the end of 
§ 177 apply to infinite integrals of the second kind as well as to 
those of the first. 
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181. We may now write the equation (4) of § 179 in the form 
as c 
I. o(e)de= [pt FoLs (at Re rereecome bch leer a): 


The integral on the right-hand side is defined as the limit, as rc, of the 
corresponding integral over the range (6, r), ¢.e. as an infinite integral of the 
second kind. And when ¢ {/(¢)} 7’ (¢) has an infinity at ¢=c the integral is 
essentially an infinite integral. Suppose for example, that @(2)=(+2)-*, 
where 1<m<2, and a=0, and that f(¢)=¢/(1—2). Then b=0, c=1, and (1) 


becomes 
ane = | \a-or- i ae vee ees (2) ; 


and the integral on the right-hand side is an infinite integral of the second 
kind. 

On the other hand it may happen that ¢ { f(2)} /’ (t) is continuous for ¢=c. 
In this case 


00 


[evroreode 


is a finite integral, and 


tim [" 670} F'Oat= [°o FOF Was 


in virtue of the corollary to Theorem (10) of § 160. In this case the 
substitution «=/(t) transforms an infinite into a finite integral. This case 
arises if m22 in the example considered a moment ago. 


Examples LXXVI. 1. If ¢(2) is continuous except for r=a, while 
A 

d (z)->« as x->a, then the necessary and sufficient condition that i dh (x) dx 
a 


should be convergent is that we can find a constant K such that 


A 
| (x) de <I 
ate 


for all values of ¢, however small (cf. § 178). 


It is clear that we can choose a number A’ between a and A, such that 
f(x) is positive throughout (a, A’). If }(x) is positive throughout the 
whole interval (a, A) then we can of course identify A’ and A. Now 


[,_e@a=[" o@) de [7 $ (a) = 


The first integral on the right-hand side of the above equation increases 
as e decreases, and therefore tends to a limit or to o; and the truth of the 
result stated becomes evident. 


If the condition is not satisfied then ‘me p(x)dr>o. We shall then say 


that the integral ix d (x) dv diverges to o. It is clear that, if d(x) +o 


as c->a-+0, then convergence and divergence to o are the only alternatives 
for the integral. We may discuss similarly the case in which ¢ (x) -»- oo. 
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2. Prove that 


[i e-ay- tenor 


if s <1, while the integral is divergent if s 21. 
3. If d(r)>o as x>a+t0 and d(x) < A(x—a)~§, where s<1, then 
A 
(x) dx is convergent; and if @(%)> K («—a)~*, where s 21, then the 
a 


integral is divergent. [This is merely a particular case of a general com- 
parison theorem analogous to that stated in § 178.] 


4. Are the integrals 
A dx A dx A da 
he J{(e— a) (A- 2)}? Rresrcent I. (A-#) MA =a)’ 
A dx ip dz 2 dx if dx 
a (2 — a)? q (AS — x8)’ ge—ay o AP - 23 
convergent or divergent ? 


5. The int sf me f.., ue t, and the value of 
; e integrals eo ---——~ are convergent, an e value o 
, - az Jai (@—@) oo 

each is zero. 


: 7 dx 
6. The integral Peete 
tends to o as # tends to either limit. ] 


is convergent. [The subject of integration 


7. The integral | Z is convergent if and only if s<1. 
0 


dx 
(sin x)* 
is i 71 : : 
8. The integral -~-—~, dx is convergent if ¢<s+1. 
9 (sin 2) 


sin 2 
eP 


h 
9. Show that i dz, where h>0, is convergent ifp<2. Show also 


0 
that, if O<p <2, the integrals 


alternate in sign and steadily decrease in absolute value. [Transform the 
integral whose limits are ‘a and (4+1) 7 by the substitution c=‘r +y.] 


a 
sklaned C9 where 0<p <Q, attains its greatest value 
0 


10. Show that | a 
when h=7a. (Math. Trip. 1911.) 
11. The integral i inten a) (sin 2)"dax is convergent if and only if ?>—1, 

0 


m>-l. 


, ° gla 
12. Such an integral as | ee 


under any of our previous definitions. For the range of integration is infinite 


, where s<1, does not fall directly 
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and the subject of integration tends to o asx>+0. It is natural to 
define this integral as being equal to the sum 
i aide Sade 
9 Es 1 I+a°’ 
provided that these two integrals are both convergent. 


The first integral is a convergent infinite integral of the second kind 
if O<s<1. The second is a convergent infinite integral of the first kind if 
s<1. Itshould be noted that when s>1 the first integral is an ordinary 
finite integral ; but then the second is divergent. Thus the integral from 0 to 
o is convergent if and only if0 <s <1. 


2 48-1 


o L+z% 


13. Prove that i dz is convergent if and only if0<s <2. 


14, The integral if i 

0 l-z 
O<é<l. [It should be noticed that the subject of integration is undefined 
when c=1; but (#°~!—2!~1)/(1~ a)» ¢—s as x >1 from either side; so that 
the subject of integration becomes a continuous function of x if we assign to it 
the value ¢—s when «=1. 


dx is convergent if and only if 0<s<1, 


It often happens that the subject of integration has a discontinuity which 
is due simply to a failure in its definition at a particular point in the range 
of integration, and can be removed by attaching a particular value to it at 
that point. In this case it is usual to suppose the definition of the subject 
of integration completed in this way. Thus the integrals 


ads, 


47 gin max 47 gin m7 
0 au 0 sin z 


are ordinary finite integrals, if the subjects of integration are regarded as 
having the value m when c=0.] 


15. Substitution and integration by parts. The formulae for trans- 
formation by substitution and integration by parts may of course be extended 
to infinite integrals of the second as well as of the first kind. ‘The reader 
should formulate the general theorems for himself, on the lines of § 179. 


16. Prove by integration by parts that if s >0, ¢> 1, then 


1 t—1 f! 
| wa) dna | x? (1 —x)'-2 dx, 
0 0 


1 xt—-ldy ent 
i. li s 0 then Pe -| [Put e=1/¢.] 
1 ys-li ys ttt <a dt 
it th Lie, iimetadet 2 [0m de 
18. IfO0<s<l ety, Tee ax I. apa ‘h ee 
19. Ifa+b>0 then 
= dx T ; 
te (a@+a)(a@—b)  J(a+b)’ (Math. Trop. 1909. ) 
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20. Show, by means of the substitution #=¢/(1- 4), that if J and m are 


both positive then 
2 yl~1 


21. Show, by means of the Aree: £=pt/(p+1—t), that if 2, m, and 
p are all positive then 


: ax 1 1 

all 1 — mel 8 ee ee t~-1 — ¢\m-1 

i ( “) (a +p)itm qd +p)'p™ | 5 ¢ (1 t) dt. 
ax dx 


ae = and 

eno Siete I, J(e-@) =aO= oS) ad ae (at?) 
(i) by means of the substitution #=a+(b—a) ¢®, (ii) by means of the substitu- 
tion (6—x)/(~— a)=t, and (iii) by means of the substitution =a cos?¢+ 6 sin? ¢. 


23. Ifs>-—1 then 
sn. wdx lyils-Ydyx 1 dv 
8 — — es =) 
I, (sin 6)§ dé aes ae tf a Jaa) =3/ (l-x)s@ ae 


24, Establish the formulae 


| gase7 [re pele 


dD Of {adx 
a V{(w—a) (6-2); 


ae cas ie sa f (tan 6) cos 6 sin 6 dd. 


25. Prove that 


22. Prove that 


=2{™ J (a cos? 6+5 sin? 6) dé, 
0 


| ; oe Seer (<5 - ig) 
o (l+4) (244) Je (1-4); J2 J6 
[Put #=sin? 6 and use Ex. Lx11. 8.] (Math Trip. 1912.) 


182. Some care has occasionally to be exercised in applying the rule 
for transformation by substitution. The following example affords a good 
illustration of this. 


of 
Let J=| (a? — 6x +13) dx. 
1 


We find by direct integration that J=48. Now let us apply the substitution 
y= — 64 +13, 

which gives 7=3+/(y—4). Since y=8 when #=1 and y=20 when v=7, we 

appear to be led to the result 


dy 
J= vo iG a 
[ova y= +3 Vy-4) 4) 
The indefinite integral is 
G4 ye 


and so we obtain the value +40, which is certainly wrong whichever sign we 
choose. 
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The explanation is to be found in a closer consideration of the relation 
between x and y. The function 2?-67+13 has a minimum for x=3, when 
y=4. As x increases from 1 to 3, y decreases from 8 to 4, and du/dy is 


negative, so that 

on 

dy = 2J(y-4)° 
As x increases from 3 to 7, y increases from 4 to 20, and the other sign must 
be chosen. ‘Thus 


Jaf" av= |" =. hays |” —_* 
z i? S83 2 /(y-4) y 4 2/(y—-4) ds 


a formula which will be found to lead to the correct result. 


Similarly, if we transform the integral | dv=m by the substitution 
0 


«“=are sin y, we must observe that dx/dy=1//(1—y*) or du/dy= —1)/(1 - y") 
according as OSw<$m or dn <avEn. 


Example. Verify the results of transforming the integrals 
1 w 
‘ (42? —x+ 1) da, | cos? edz 
0 0 


by the substitutions 42° - 4+ j,=y, v=are sin y respectively. 


183. Series of positive and negative terms. Our defini- 
tions of the sum of an infinite series, and the value of an infinite 
integral, whether of the first or the second kind, apply to series 
of terms or integrals of functions whose values may be either 
positive or negative. But the special tests for convergence or 
divergence which we have established in this chapter, and the 
examples by which we have illustrated them, have had reference 
almost entirely to the case in which all these values are positive. 
Of course the case in which they are all negative is not essentially 
different, as it can be reduced to the former by changing up into 


— Un or d (x) into — d (a). 


In the case of a series it has always been explicitly or tacitly 
assumed that any conditions imposed upon wu, may be violated for 
a finite number of terms: all that is necessary 1s that such a 
condition (e.g. that all the terms are positive) should be satisfied 
from some definite term onwards. Similarly in the case of an 
infinite integral the conditions have been supposed to be satisfied 
for all values of « greater than some definite value, or for all values 
of « within some definite interval (a, a+ 6) which includes the 
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value a near which the subject of integration tends to infinity. 
Thus our tests apply to such a series as 
3 ¥— 


= ee 


since n?— 10> 0 when n 2 4, and to such integrals as 
‘° 3a-—T7 1] — Qe . 
-—_—— dx, | —— da, 
| an Cee Ok 0 Va 
since 32 — 7 >0 when # > 4, and 1—2a2>.0 when 0<a<}4. 
But when the changes of sign of un persist throughout the series, 
i.e. when the number of both positive and negative terms is in- 
finite, as in the series 1—-4+4—44...; or when ¢ (#) continually 
changes sign as «> 0, as in the integral 
I pg e 
a 


or as >a, where a is a point of discontinuity of ¢(a), as in 


the integral 
| A, ( 1 ) da 
sin : 


then the problem of discussing convergence or divergence becomes 
more difficult. For now we have to consider the possibility of 
oscillation as well as of convergence or divergence. 


We shall not, in this volume, have to consider the more 
general problem for integrals. But we shall, in the ensuing 
chapters, have to consider certain simple examples of series con- 
taining an infinite number of both positive and negative terms. 


184. Absolutely Convergent Series. Let us then consider 
a series Su, in which any term may be either. positive or 
negative. Let 

| Un | =a; 

so that a,=Uy if up is positive and a,=—U, if uw, 1s negative. 
Further, let v, = wp or Vp = 0, according as up is positive or negative, 
and w,=— Un OF Wn =0, according as up, is negative or positive ; 
or, what is the same thing, let v, or wz be equal to a, according 
aS U, 18 positive or negative, the other being in either case equal 
to zero. Then it is evident that v, and w, are always positive, and 


that 
Un = Un — Wn, An =Unt Wn 
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If, for example, our series is 1—(1/2)?+(1/3)?—..., then w,=(-1)"7'/n? 
and an=1/n?, while v,=1/n? or v,=0 according as n is odd or even and 
Wn=1/n? or w,z=O0 according as n is even or odd. 


We can now distinguish two cases. 


A. Suppose that the series Xa, is convergent. This is the 
case, for instance, in the example above, where Xa, is 


1+(1/2+ (1/3) +... 


Then both =v, and Zw, are convergent: for (Ex. xxx. 18) any 
series selected from the terms of a convergent series of positive 
terms is convergent. And hence, by theorem (6) of § 77, Su, or 
> (Un — Wn) is convergent and equal to Sv_,— Swa. 


We are thus led to formulate the following definition. 


DEFINITION. When Xa, or & | u,| 1s convergent, the series Suy 
ts said to be absolutely convergent. 


And what we have proved above amounts to this: if Sup, ts 
absolutely convergent then it 1s convergent; so are the series formed 
by its positive and negative terms taken separately; and the sum of 
the serves is equal to the sum of the positive terms plus the sum 
of the negative terms. 

The reader should carefully guard himself against supposing that the 
statement ‘an absolutely convergent series is convergent’ is a mere tautology. 
When we say that Su, is ‘absolutely convergent’ we do not assert directly 
that Zu» is convergent: we assert the convergence of another series 3 | wn|, 
and it is by no means evident @ priori that this precludes oscillation on 
the part of Sun. 


Examples LXXVII. 1. Employ the ‘general principle of convergence’ 
(§ 84) to prove the theorem that an absolutely convergent series is con- 
vergent. [Since 3|%,| is convergent, we can, when any positive number 8 is 
assigned, choose 7 so that 

[m+ tlt] Mm s2|+...+ | tn, |<d 
when 2 > Zi. A fortiore 
| Un +1 FUn so. +Un,|<d, 

and therefore 3 un is convergent. | 


2. If Za, is a convergent series of positive terms, and |}, |< Han, then 
Sb, is absolutely convergent. 


3. If Sa, is a convergent series of positive terms, then the series Su, 7%" is 
absolutely convergent when -1s7S1. 
H, 22 
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4. lfiSa@isa convergent series of positive terms, then the series 3a, cos76, 
Za,sinn@ are absolutely convergent for all values of 6. [Examples are 
afforded by the series 37" cos 76, Sr” sin x6 of § 88.] 


5. Any series selected from the terms of an absolutely convergent series 
is absolutely convergent. [For the series of the moduli of its terms is a 
selection from the series of the moduli of the terms of the original series. ] 

6. Prove that if =| w,»| is convergent then 

|S2n| Z| nl, 
and that the only case to which the sign of equality can apply is that in 
which every term has the same sign. 

185. Extension of Dirichlet’s Theorem to absolutely 
convergent series. Dirichlet’s Theorem (§ 169) shows that the 
terms of a series of positive terms may be rearranged in any way 
without affecting its sum. It is now easy to see that any abso- 
lutely convergent series has the same property. For let Su, be 
so rearranged as to become Zu, and let a’, Un’, Wn’ be formed 
from tp’ AS Gn, Un, Wy, were formed from u,. Then Sa,’ is con- 
vergent, as it is a rearrangement of Za,, and so are Yup’, Lewy’, 
which are rearrangements of vp, Lw,. Also, by Dirichlet’s 
Theorem, >v,/ = Sv, and Sw,’ = Sw, and so 


Dua! = Don! — Lwy! = Don — DwWy_ = Dn. 


186. Conditionally convergent series. B. We have 
now to consider the second case indicated above, viz. that in 
which the series of moduli 2a, diverges to . 


DEFINITION. If Su» ts convergent, but S| u»| divergent, the 
original series is said to be conditionally convergent. 


In the first place we note that, if Sw, is conditionally con- 
vergent, then the series 2v,, Sw, of § 184 must both diverge to 0. 
For they obviously cannot both converge, as this would involve 
the convergence of (v,+ Wp) or L@,. And if one of them, say 
Wn, 1s convergent, and au “ee then 


~ 


Sin 0, — Se eee (1), 


and therefore tends to ti N, which is contrary to the 
hypothesis that Lu, is convergent. 


Hence Xv,, Sw, are both divergent. It is clear from equa- 
tion (1) above that the sum of a conditionally convergent series 
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is the limit of the difference of two functions each of which tends 
to © with n. It is obvious too that Xu, no longer possesses the 
property of convergent series of positive terms (Ex, xxx. 18), and 
all absolutely convergent series (Ex. LXXVII. 5), that any selection 
from the terms itself forms a convergent series. And it seems more 
than likely that the property prescribed by Dirichlet’s Theorem 
will not be possessed by conditionally convergent series; at any 
rate the proof of § 185 fails completely, as it depended essentially 
on the convergence of Xv, and 2w, separately, We shall see ina 
moment that this conjecture is well founded, and that the theorem 
is not true for series such as we are now considering. 


187. Tests of convergence for conditionally convergent 
series. It is not to be expected that we should be able to find 
tests for conditional convergence as simple and general as those 
of §§ 167 et seg. It is naturally a much more difficult matter to 
formulate tests of convergence for series whose convergence, as is 
shown by equation (1) above, depends essentially on the cancelling 
of the positive by the negative terms. In the first instance there 
are no comparison tests for convergence of conditionally convergent 
serves. 

For suppose we wish to infer the convergence of Sv, from 
that of Su, We have to compare 

Pe et Se) |e) eS) 
If every wu and every v were positive, and every v less than the 
corresponding u, we could at once infer that 

Uo t UH ce FUn< Up HF... + Un, 

and so that Sv, is convergent. If the w’s only were positive and 
every v numerically less than the corresponding u, we could infer 
that 

la ltlo|+... +] in| < Ut... + Un, 
and so that Sv, is absolutely convergent. But in the general case, 
when the w’s and ws are both unrestricted as to sign, all that we 
can infer is that 

|| tll... tle] <|uol+... +! ual. : 

This would enable us to infer the absolute convergence of Lv, 
from the absolute convergence of Lu,; but if Su, is only con- 


ditionally convergent we can draw no inference at all. 
22—2 
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Example. We shall see shortly that the series 1-3+}—}+... is con- 
vergent. But the series $+3+4}+4+4... is divergent, although each of its 
terms is numerically less than the corresponding term of the former series. 


It is therefore only natural that such tests as we can obtain 
should be of a much more special character than those given in 
the early part of this chapter. 


188. Alternating Series. The simplest and most common 
conditionally convergent series are what is known as alternating 
series, series whose terms are alternately positive and negative. 
The convergence of the most important series of this tyre 1S 
established by the following theorem. 


If &(n) ts a positive function of n which tends steadily to 
zero as n—> 0, then the serves 


$(0)— ¢(1) + $(2)—.. 
as convergent, and its sum lies between p (0) and (0) — ¢ (1). 
Let us write o, ¢,,... for (0), @ (1),...; and let 


Sa= ho — bit po— +.» +(— 1)” dn. 
Then 
Sont1 — Son—1 = hon — bdnqi = 0, Son — Sn = — (dona 7 Pon) = 0. 

Hence 5), S2, 84, +++) Son, ++» 18 a decreasing sequence, and therefore 
tends to a. limit or to — oo; and &,, $5, Ss, ».:,eGae) osama 
creasing sequence, and therefore tends toa limit or to o. But 
lim (Sonqa — Sen) = lim (— 1)?"*? dongs = 0, from which it follows that 
both sequences must tend to limits, and that the two limits must 
bethe same. That is tosay, the sequence %,5,..-,8n, ... tends to 
a limit. Since s) = do, = ¢o— gi, 1t is clear that this limit lies 
between ¢ and dy — gi. 


Examples LXXVIII. 1. The series 


engl. 1 Lo fly ae 
a gts qt 1-7 js oe 
,ED) .-D: oi aoe 


(nea)? * Jara)? *QatJa)? Wat Ja 


where a>0, are conditionally convergent. 


2, The series 3(—1)"(~+a)-*, where a>0, is absolutely convergent if 
s>1, conditionally convergent if O0<s1, and oscillatory if sS0. 


187, 188] AND INFINITE INTEGRALS 341 


3. The sum of the series of § 188 lies between s, and s,,, for all values 
of n; and the error committed by taking the sum of the first 7 terms instead 
of the sum of the whole series is numerically not greater than the modulus of 
the (n+1)th term. 

4, Consider the series 

; ( = he 
/a+(—1)”’ 
which we suppose to begin with the term for which n=2, to avoid any 
difficulty as to the feecitin of the first few terms. This series may be 
written in the form 


Pees a Tal a re 


(=e i 
a 8 in ECS yay 72 oo) 


say. The series 3 y, is convergent; but 3 y, is divergent, as all its terms are 
positive, and lim xy,=1. Hence the original series is divergent, although it 
is of the form $.— ¢3+¢4—..., Where ¢,>0. ‘This example shows that the 
condition that d, should tend steadily to zero is essential to the truth of the 
theorem. The reader will easily verify that ,/(2n+1)—1<,/(2n)+1, so that. 
this condition is not satisfied. 


5. Ifthe conditions of § 188 are satisfied except that ¢, tends steadily 
to a positive limit 2, then the series = (— 1)" ¢, oscillates finitely. 


6. Alteration of the sum of a conditionally convergent series by 
rearrangement of the terms. Lets be the sum of the scries 1-44+3-—}4+..., 
and s, the sum of its first 22 terms, so that lim s,,=s. 


Now consider the series 
LAS—SARAD—F A. cee ccecceccscececscnceeeees (1) 


in which two positive terms are followed by one negative term, and let ts, 
denote the sum of the first 3n terms. Then 


jee ee 1 

tol +5 2 a a Geers 
1 l — 

int oa tagte tp 


; ] 1 1 1 1 
=e = im Ee Sabo Ie °° Tan rae 
since the sum of the terms inside the bracket is clearly less than 
n|(2n+1)(2n+2); and 


ae 1 n 
lim (65 5+ opcat~ a” a) =hlim> 3 pew" =3/°, 


by §$ 156 and 158. Hence 


2dx 


2 . 
1 #4 
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and it follows that the sum of the series (1) is not s, but the right-hand side of 
the last equation. Later on we shall give the actual values of the sums of the 
two series: see § 213 and Ch. IX, Misc. Ex. 19. ~ 

It can indeed be proved that a conditionally convergent series can always 
be so rearranged as to converge to any sum whatever, or to diverge to o or 
to —o. Fora proof we may refer to Bromwich’s Infinite Series, p. 68. 


. 1 1 1 d 1 ‘ 
7. The series Itag- atta a diverges to o. [Here 
ee ee 
an= Sint ont) (an+8) (n= 1)7 2" * dead)’ 


where s,=1-—- a3t wee — which tends to a limit as n->o.] 
Nv 


189. Abel’s and Dirichlet’s Tests of Convergence. A more general 
test, which includes the test of § 188 as a particular test case, is the following. 


Dirichlet’s Test. Jf dy satisfies the same conditions as in § 188, and Say 
is any series which converges or oscillates finitely, then the serves 


ws convergent. 


The reader will easily verify the identity 


Ao Pot Py +++ an hn=So (ho- Pi) +81 (Pi- 2) +..e +8n-1(Pn-1- Pn) +3n Gn: 
where s,=@+@+...+a@,. Now the series (py—¢ 1) +(61—$2)+... 13 con 
vergent, since the sum to 2 terms is ¢@o—¢, and lim gd,=0; and all its 
terms are positive. Also since Sa,, if not actually convergent, at any rate 
oscillates finitely, we can determine a constant A so that |s,|< for all 
values of v. Hence the series 


Se dy +1) 


is absolutely convergent, and so 


So (ho— 1) +81 (hi — bz) +... + 8n—1 (n-1— hn) 
tends to a limit as n-»o. Also ¢,, and therefore s,¢,, tends to zero 
And therefore vf 
Ay Pot a1 Pit oe Fan dn 
tends to a limit, ze the series Sa,d, 18 convergent. 


Abel’s Test. There is another test, due to Abel, which, though of less 
frequent application than Dirichlet’s, is sometimes useful. 


Suppose that dz, as in Dirichlet’s Test, is a positive and decreasing 
function of n, but that its limit as 7-»o is not necessarily zero. Thus we 
postulate less about gn, but to make up for this we postulate more about 
Zan, Viz. that it is convergent. Then we have the theorem: 7¢f dn 2s a positive 
and decreasing function of n, and Sdn ts convergent, then Tandn is convergent. 

For dn has a limit as no, say 7: and lim(¢a—/)=0. Hence, by 


Dirichlet’s Test, San(¢n—2) is convergent; and as Sd, is convergent it 
follows that Sang@n 18 convergent, 
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This theorem may be stated as follows: @ convergent series remains con- 


vergent uf we multiply rts terms by any sequence of positive and decreasing 
factors. 


ow 


Examples LXXIX. 1. Dirichlet’s and Abel’s Tests may also be established 
by means of the general principle of convergence (§ 84). Let us suppose, 
for example, that the conditions of Abel’s Test are satisfied, We have 
identically 


Gn Pint Gm +1 Pm41t ooo + On Pn=8m,m(dm— Pine1) +8in,m1 (Pmt — Pm+2) 
or. date ae | SOR tain ass. (1), 
where 8m, v=An tan pit... +p. 
The left-hand side of (1) therefore lies between Adm and Hom, where h and 
H are the algebraically least and greatest of 8,m) 8m,m+1) +++) Smn+ But, 


given any positive number 6, we can choose mp so that | s,,|<d when m = ig, 
and so 


| Am Pint n+ 1Pms 1+ FnPn|<dhm = hy 
when »>mZ. Thus the series Sand,n is convergent. 


2. The series Scosné and =sinné oscillate finitely when 6 is not a 
multiple of w. For, if we denote the sums of the first 2 terms of the two 
series by s, and ¢,, and write z=Cis 6, so that |z|=1 and z+1, we have 


1-2“ = 1+|2"| < 2, 

l—-z|~ |1l-z| ~|1-2|’ 

and so |s,| and |¢,| are also not greater than 2/|1-z]. That the series are 
not actually convergent follows from the fact that their nth terms do not tend 
to zero (Exs. xxIv. 7, 8). 


| 8,-+2t, |= 


The sine series converges to zero if 6 is a multiple of w. The cosine 
series oscillates finitely if 6 is an odd multiple of w and diverges if @ is an 
even multiple of z. 


It follows that tf @, ¢s @ positive function of n which tends steadily to 
zero ads n-> ©, then the series 


2, c08né, Sd, sin nd 


are convergent, except perhaps the first series when @ is a multiple of 27. In 
this case the first series reduces to 3¢,, which may or may not be conver- 
gent: the second series vanishes identically. If =¢, is convergent then both 
series are absolutely convergent (Ex. Lxxvil. 4) for all values of 6, and the 
whole interest of the result lies in its application to the case in which 
=, is divergent. And in this case the series above written are con- 
ditionally and not absolutely convergent, as will be proved in Ex. txxtx. 6, 
If we put 6=7 in the cosine series we are led back to the result of § 188, 
since cos 2m =(- 1)", 


3. The series 3n~*cosné, 3n~*sinné are convergent if s>0, unless (in 
the case of the first series) 6 is a multiple of 27 and 0<sSl. 
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4, The series of Ex. 3 are in general absolutely convergent if s>1, 
conditionally convergent if 0<s <1, and oscillatory if s $0 (finitely if s=0 
and infinitely ifs<0). Mention any exceptional cases. 


5. If Sann~*is convergent or oscillates finitely, then Sa,n-' is convergent 
when ¢>s. 


6. If dy, is a positive function of x which tends steadily to 0 as no, 
and Sqn is divergent, then the series Sgn cos 26, Sgn Sin n6 are not absolutely 
convergent, except the sine-series when 6 is a multiple of w. [For suppose, 
e.g., that Sdn |cosn8| is convergent. Since cos? < | cos 78], it follows that 
= dn cos? nO or 

4 Son (1+cos 276) 


is convergent. But this is impossible, since Sqn is divergent and 3¢, cos 276, 
by Dirichlet’s Test, convergent, unless @ is a multiple of w. And in this 
case it is obvious that Sn] cos 76| is divergent. The reader should write 
out the corresponding argument for the sine-series, noting where it fails 
when @ is a multiple of 7.] 


190. Series of complex terms. So far we have confined 
ourselves to series all of whose terms are real. We shall now 
consider the series 

Sie > a iy), 
where v, and w, are real. The consideration of such seriés does 
not, of course, introduce anything really novel. The series is 
convergent if, and only if, the series 


Lun, wy 


are separately convergent. There is however one class of such 
series so Important as to require special treatment. Accordingly 
we give the following definition, which is an obvious extension of 
that of § 184. 


DEFINITION. The series Sun, where tn =Un+ Wn, ts said to be 
absolutely convergent if the series Xv, and Ywy are absolutely 
convergent. 


THEOREM. The necessary and sufficient condition for the absolute 
convergence of Xun, ts the convergence of S| Un | or & fun? + wy?) 


For if Zu, is absolutely convergent, then both of the series 
Zl], Zlwal are convergent, and so ={|vm]/+|wnl} is con- 
vergent: but 


| tn | = a/(Un? + Wy?) S |tnl+] wal, 
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and therefore &|w,|is convergent. On the other hand 
[Un | SJ (Un? + Wn), | Wn | S V/ (Un? + wr”), 


so that & |v, |and X|w,| are convergent whenever | w,|is con- 
vergent. 


It is obvious that an absolutely convergent series 1s convergent, 
since its real and imaginary parts converge separately. And 
Dirichlet’s Theorem (§§ 169, 185) may be extended at once to 
absolutely convergent complex series by applying it to the 
separate series Xv, and Lwp. 

The convergence of an absolutely convergent series may also be deduced 


directly from the general principle of convergence (cf. Ex. bxxvit. 1). We leave 
this as an exercise to the reader. 


191. Power Series. One of the most important parts of 
the theory of the ordinary functions which occur in elementary 
analysis (such as the sine and cosine, and the logarithm and 
exponential, which will be discussed in the next chapter) is that 
which is concerned with their expansion in series of the form 
xa,2". Such a series is called a power series in z We have 
already come across some cases of expansion in series of this kind 
in connection with Taylor’s and Maclaurin’s series (§ 148). There, 
however, we were concerned only with a real variable x We shall 
now consider a few general properties of power series in z, where 
z is a complex variable. 


A. A power series Xanz” may be convergent for all values of z, 
for a certain region of values, or for no values except z = 0. 


It is sufficient to give an example of each possibility. 


a gn 
1. The series 3 rail zs convergent for all values of x. For if u,= il then 
[ net || Un [=| 2 |/(m+1) > 0 
as 2 -> ©, whatever value z may have. Hence, by d’Alembert’s Test, =| wu,» | is 
convergent for all values of z, and the original series is absolutely con- 


vergent for all values of z. We shall see later on that a power series, when 
convergent, is generally absolutely convergent. 


2. The series Sn!2" ts not convergent for any value of z except z=0. 
For if u,=n! 2 then | tn41 |/| Un |=(w+1)|2|, which tends to o with x, unless 
z=0. Hence (cf. Exs. xxvit. 1, 2, 5) the modulus of the nth term tends to 0 
with 2; and so the series cannot converge, except when z=0. It is obvious 
that any power series converges when z=0. 
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3. The series 32" is always convergent when |z|<1, and never convergent 
when |z|21. This was proved in § 88. Thus we have an actual example of 
each of the three possibilities. 


192. B. If @ power series Sanz” is convergent for a par- 
ticular value of z, say 2,= 7, (cos 0, +7 sin 6), then tt ts absolutely 
convergent for all values of z such that |z| <1. 


For lim An2," = 0, since 2a,2,” is convergent, and therefore we 
can certainly find a constant K such that | aye,” | < Ee Sor alll 
values of rn. But, if| z|=r<7,, we have 


TE T\? 
| Qn2” | = | anz,"| =) <i (=) ’ 


and the result follows at once by comparison with the convergent 
geometrical series ¥ (r/7,)". 


In other words, if the series converges at P then it converges 
absolutely at all points nearer to the origin than P. 


Evample. Show that the result is true even if the series oscillates 


finitely when z=z,. [If 8,=ao4-a,2,+... +,z," then we can find K so that 
\s, |< for all values of x. But | On 2" |=| 8, —S,—7| S| 8-4 I+| s.|<2X, 
and the argument can be completed as before.] 


193. The region of convergence of a power series. 
The circle of convergence. Let z=r be any point on the 
positive real axis. If the power series converges when z=7r then 
it converges absolutely at all points inside the circle |2)=o. ein 
particular it converges for all real values of z less than 7, 


Now let us divide the points r of the posifive real axis into 
two classes, the class at which the series converges and the class 
at which it does not. The first class must contain at least the 
one point z=0. The second class, on the other hand, need not 
exist, as the series may converge for all values of z. Suppose 
however that it does exist, and that the first class of points 
does include points besides z=0. Then it is clear that every 
point of the first class lies to the left of every point of the second 
class. Hence there is a point, say the point z= R, which divides 
the two classes, and may itself belong to either one or the other. 
Then the series 1s absolutely convergent at all points inside the 
circle | 2| = &. 
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For let P be any such point. We can draw a circle, whose 
centre is O and whose radius is 
less than R, so as to include P 
inside it. Let this circle cut OA 
in Q. Then the series is con- 
vergent at Q, and therefore, by 
Theorem B, absolutely conver- 9 
gent at P. 

On the other hand the series 
cannot converge at any point DP’ ce 
outside the circle. For if it converged at P’ it would converge 
absolutely at all points nearer to O than P; and this is absurd, 
as it does not converge at any point between A and Q’ (Fig. 51). 


- 
ae 


ee et ed 


So far we have excepted the cases in which the power series 
(1) does not converge at any point on the positive real axis 
except z=0 or (2) converges at all points on the positive real 
axis. It is clear that in case (1) the power series converges 
nowhere except when z=0, and that in case (2) it is absolutely 
convergent everywhere. Thus we obtain the following result: a 
power series either 


(1) converges for z=0 and for no other value of 2; or 
(2) converges absolutely for all values of 2; or 


(3) converges absolutely for all values of 2 within a certain 
circle of radius R, and does not converge for any value 
. of 2 outside this circle. 


In case (8) the circle is called the circle of convergence 
and its radius the radius of convergence of the power series. 


It should be observed that this general result gives absolutely 
no information about the behaviour of the series on the circle of 
convergence. The examples which follow show that as a matter 
of fact there are very diverse possibilities as to this. 


Examples LXXX. 1. The series 1+az+a?2?+..., where a> 0, hasa 
radius of convergence equal to 1/a. It does not converge anywhere on its 
circle of convergence, diverging when z=1/a and oscillating finitely at all other 
points on the circle. 


2 3 
2. The series atatote. has its radius of convergence equal to 1; 


it converges absolutely at all points on its circle of convergence. 
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3. More generally, if | a@.41|/|a@_|-~A, or | a, |!" >A, as n > e, then the 
Series dy + a,2+ 427+... has 1/A as its radius of convergence. In the first case 
Him | tnea2"*1/| ane" [=A] 2, 


which is less or greater than unity according as |z| is less or greater than 
1/A, so that we can use D’Alembert’s Test (§ 168, 3). In the second case we 
can use Cauchy’s Test (§ 168, 2) similarly. 


4, The logarithmic series. The series 
2— $27 +423 — 
is called (for reasons which will appear later) the ‘logarithmic’ series. It 
follows from Ex. 3 that its radius of convergence is unity. 
When z is on the circle of convergence we may write z=cos 6+7 sin 6, 
and the series assumes the form 
cos 8—} cos 26+4 cos 36—...+7(sin d—$sin 26+4 sin 36—...). 


The real and imaginary parts are both convergent, though not absolutely 
convergent, unless 6 isan odd multiple of 7 (Exs. Lxxix. 3, 4). If 6 is an odd 
multiple of w then z= —1, and the series assumes the form —1—-3-—}-..., 
and so diverges to -o. Thus the logarithmic series converges at all points 
of its circle of convergence except the point z= —1. 


5. The binomial series. Consider the series 


ee pen ois 1) (m—2) Bo 


L4+m2+—s, a 


If m 1s a positive integer then the series terminates. In general 


[nai] _ | m— 2 n | 
—_—— -— => 
| an | eS ? 


so that the radius of convergence is unity. We shall not discuss here the 
question of its convergence on the circle, which is a little more difficult. * 


194. Uniqueness of a power series. If Sa,2” is a power series which 
is convergent for some values of z at any rate besides z=0, and f(z) is its 
sum, then it is easy to see that f(z) can be expressed in the form 

Ay taysz+age?+...+(an+e,) 2%, 
where «,>0 as|z{>0. For if » is any number less than the radius of con- 
vergence of the series, and |z|<p, then |an|u"<A, where A is a constant 
(cf. § 192), and so 


\f@)-3 Bae 


SS ne | [207 "(+ eng 8 | 2744/4... 
z nt1 2 +1 
<x (HI Lz!) (ily Er w= poiet ay 
pe p(n —| 2) 


* See Bromwich, Infinite Series, pp. 225 et seqg.; Hobson, Plane Trigonometry 
(8rd edition), pp. 268 et seq. 
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where A is a number independent of z It follows from Ex. tv. 15 that 
if Sa,z"7=36,z2" for all values of z whose modulus is less than some 
number p, then dn = dy for all values of x. This result is capable of considerable 
generalisations into which we cannot enter now. It shows that the same 
function f(z) cannot be represented by two different power series. 


195. Multiplication of Series. We saw in $170 that if 
Su, and Sv, are two convergent series of positive terms, then 
Stn X Ly, = Lw,, where 

Wry = UpUn, H UjyVn—1 + oes HK Un. 
We can now extend this result to all cases in which Su, and Xv, 
are absolutely convergent; for our proof was merely a simple 
application of Dirichlet’s Theorem, which we have already ex- 
tended to all absolutely convergent series. 

Examples LXXXI. 1. If |z| is less than the radius of convergence 


of either of the series 2a,2", 2b,2", then the product of the two series is 
3,2", Where ¢,= Ab, +4, 0n—1 +... + Ando. 


2. If the radius of convergence of a,2" is &, and f(z) is the sum of 
the series when |z|</?, and |z| is less than either i or unity, then 
S(2\/A-2z)=5s8,2", where s,=ag+a,+...+Gp. 

3. Prove, by squaring the series for 1/(1 —z), that 1/(1—z)?=1+4224+322+... 
i izfal. 

4, Prove similarly that 1/(1—z)?=1+43z462+..., the general term 
being $(a+1)(n+2)2 


5. The Binomial Theorem for a negative integral exponent. If 
|z|<1, and m is a positive integer, then 


oe 
La wee ee m(m+1) . m(m+1)...(m+n— Le 
- aaa age Soe ry 


[Assume the truth of the theorem for all indices up to m. Then, by Exe. 
1/(l—z)™tl=38,2", where 
me (nv+1) ae (m+1)...(m+n— ye (mv-+1) ae). ——7 
be Poin. 2 12s 
as is easily proved by induction.] 


Spx=l+mt+ 


6. Prove by multiplication of series that if 


tim, )=1+(7) z+ 6 Oise 


and |z| <1, then f(m, z) f(m', z)=f(m-+m’,z). [This equation forms the basis of 
Euler’s proof of the Binomial Theorem. The coefficient of z* in the product 
series 1s 


Gr) +r) (aa) # (2) (nt) + G2) (7) + G)- 
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This is a polynomial in m and m’: but when m and m’ are positive 


integers this polynomial must reduce to (os! in virtue of the Binomial 


Theorem for a positive integral exponent, and if two such polynomials are 
equal for all positive integral values of m and m’ then they must be equal 
identically. ] 
2 
7 If f(i=1+2+ site then f(z) f(2)=f (2+). [For the series for 


J (z) is absolutely convergent for all values of z: and it is easy to see that if 


Un= = » y= - , then w= E42) - 
n! ! n! 
4 3 5 
Sif C(z)=1- Stee re, Sats Boos 
then C(e+2/)=C (2) C(2)-S(2)S(2), S(e+2)=8 (2) C(2)4+C(2) S (2), 
and {C (2) + {8 (z)}2=1. 


9. Failure of the Multiplication Theorem. That the theorem is not 
always true when Su, and 3v, are not absolutely convergent may be seen by 
considering the case in which 


Un=V (eels 
mE M(nt1) 

Then 
a= (- 1)" : 


2 AGED (n+1—r)}" 
But J/{(r+1) (n+1—7)} $4 (n+2), and so | w,|>(2n+2)/(n1+2), which tends 
to 2; so that 3, is certainly not convergent. ‘ 


MISCELLANEOUS EXAMPLES ON CHAPTER VIII. 


1. Discuss the convergence of the series Sn* {,/(n+1)-2/n+/(n—-1)}, 


where & is real. _« (Math. Trip. 1890.) 
2. Show that Snt AF (n*), 
where AU, =U —Uagy, oA, =A (Attn), 


and so on, is convergent if and only if k>r+s+1, except when s is a postuNe 
integer less than 4, when every term of the series is zero. 


[The result of Ch. VII, Misc. Ex. 11, shows that A*(n*) is in general of 
order n°-*.] 


3. Show that 
n?+9n+5 _ ‘5 


(n+1) (20438) (2n4+5)(n+4) 36° 


—~M8 


(Math. Trip. 1912.) 
[Resolve the general term into partial fractions. ] 
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4, Show that, if 2(n) is any rational function of n, we can determine 
a polynomial P() and a constant A such that ={R (n)—P(n)—-(A/n)} is 
convergent. Consider in particular the cases in which A&(n) is one of 
the functions 1/(an+6), (an?+2bn+c)/(an?+28n+y). 


5. Show that the series 
il 1 il 1 1 
fe = Es rece 
ie U9 oN 8 age 


is convergent provided only that z is not a negative integer. 


tse 


6. Investigate the convergence or divergence of the series 
Ee L-.a | aa a a 
2 sin - z- sin 2(-1)"sin-, 2(1-cos®), = (~1)'n(1-cos®), 


where a is real. 


7. Discuss the convergence of the series 


2 | eee 1\ si 
S(14+5+ yt eds) 
1 2° 3 n n 


where 6 and a are real. (Math. Trip. 1899.) 


8. Prove that the series 
dg ts 3-3 aE. | 
in which successive terms of the same sign form groups of 1, 2, 3, 4, ... terms, 
is convergent ; but that the corresponding series in which the groups contain 
1, 2, 4, 8, ... terms oscillates finitely. (Math. Trip. 1908.) 


9. If 21, tg, %@g, ... 18 a decreasing sequence of positive numbers whose 
limit is zero, then the series 

Uy —F (Uy AU) +S (Uy + Ugt Uz) — 20, Ur — F (M+ U3) +43 (wp +3 + U5) —... 
are convergent. [For if (w+vet...+%n)/n=v, then v, v2, v3, ... is also a 
decreasing sequence whose limit is zero (Ch. IV, Mise. Exs. 8, 27). This 
shows that the first series is convergent ; the second we leave to the reader. 
In particular the series 


1-$(1+d) +h 4+$+$)—.., 1-$4+3)+h043+4)-.. 
are convergent. | 


10. If uw+wu+uet+... is a divergent series of positive and decreasing 


terms, then 
(tg + Ug + 0. Uan)/(ty + Ug + ee Yong 1) > 1. 


11. Prove that if a>0 then lim s (p+n)'~*=0. 


p>xn n=0 


12, Provethat lim a3n~**=1. [It follows from § 174 that 
a>+0 1] 


. n 
Cale 200 + en oe a * dx <1, 
1 
and it is easy to deduce that 2n7'~* lies between 1/a and (1/a)+1.] 
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13. Find the sum of the series = vn, where 


a: ee : @ 1 1 
“(f+ a7) (gm F13. g~ 2-1) L-1 \e+a7-2 cs wae) ’ 
for all real values of x for which the series is convergent. (Math. Trip. 1901.) 


[If |a| is not equal to unity then the series has the sum 2/{(#— 1) (a?+1)}. 
If «=1 then wz,=0 and the sum is 0. If e=—-—1 then w,=3$(-1)"*} and 
the series oscillates finitely.] 


14, Find the sums of the series 


2 A 222 e 424 a Zz 22 a 
l4+2 142332" foe) 1-ok 12 


(in which all the indices are powers of 2), whenever they are convergent. 


[The first series converges only if |z| <1, its sum then being z/(1—z); the 
second series converges to z2/(1—z) if |z|<1 and to 1 /A—z) if |z|>1.] 


15. If |a,|<1 for all values of then the equation 
O=l+ajzt+ag?+... 
cannot have a root whose modulus.is less than 4, and the only case in which 


it can have a root whose modulus is equal to 4 is that in which a, = — Cis(n6), 
when z=} Cis (— 6) is a root. 


16. Recurring Series. A power series Za,z" is said to be a recurring 
series if its coefficients satisfy a relation of the type 


Ant PiAn—y + Poln—2t ove F Pun K=O crescscscecesesecs (1); 
where nZ2k and 7, po, ..., Py are independent of x. Any recurring series is 
the expansion of a rational function of z To prove this we observe in the 


first place that the series is certainly convergent for values of z whose modulus 
is sufficiently small. For let G@ be the greater of the two numbers 


1, |piltlpalt+-..+[Pel- 
Then it follows from the equation (1) that |a,|<Gan, where ay is the 
modulus of the numerically greatest of the preceding’ coefficients ; and from 
this that |an|< AG, where £ is independent of n. Thus the recurring series 
is certainly convergent for values of z whose modulus is less than 1/@. 


But if we multiply the series f(z2)=2anz" by p1% 922", ... pee, and add 
the results, we obtain a new series in which all the coefficients after the 
(&—1)th vanish in virtue of the relation (1), so that 

(1+ pet po? +... tpt) f(Q=Pot Pet... + Pe, 
where Py, Py; «+> Pe-1are constants. The polynomial 1+ 2+ p22? +... + py2* 
is called the scale of relation of the series. 


Conversely, it follows from the known results as to the expression of any 
rational function as the sum of a polynomial and certain partial fractions of 
the type A/(z—a)?, and from the Binomial Theorem for a negative integral 
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exponent, that any rational function whose denominator is not divisible by z 
can be expanded in a power series convergent for values of z whose modulus is 
sufficiently small, in fact if |z| <p, where p is the least of the moduli of the roots 
of the denominator (cf. Ch. IV, Misc. Exs. 18 e¢ seg.). And it is easy to see, 
by reversing the argument above, that the series is a recurring series. Thus | 
the necessary and sufficient condition that a power series should be a recurring 
series is that it should be the expansion of such a rational function of z. } 


" 
17. Solution of Difference-Equations, A relation of the type of (1) \ 
in Ex. 16 is called a linear difference-equation in an with constant coefficients, \ 
Such equations may be solved by a method which will be sufficiently ex- 
plained by an example. Suppose that the equation is 


Gg —G,,=1— Se, agdled, 290), 


Consider the recurring power series 3an,2z". We find, as in Ex. 16, that its 
sum is 


y+ (4 — Ay) 2 + (Ag— A — Bap) 2? | A, ie Ao. + B : 
1—2— 822+ 1223 ~ 1-22 © (1~22)? * 14382? 


where A;, Ap, and B are numbers easily expressible in terms of ag, a,, and ap. 
Expanding each fraction separately we see that the coefficient of z” is 
n= 2" {A,+(n+1) Ao} +(—3)" B. 


The values of A,, 42, B depend upon the first three coefficients a), a, do, 
which may of course be chosen arbitrarily. 


18. The solution of the difference-equation u,—2 cos 6 u,_1+Upn—2=0 ig 
u,=A cosn6+B sin n6, where A and B are arbitrary constants. 


19. If wu, is a polynomial in of degree /, then Sup2" is a ‘recurring 
series whose scale of relation is (1 —z)*+}, (Math. Trip. 1904.) 


20. Expand 9/{(2—1) (¢+ 2)2} in ascending powers of z. 
4 (Math. Trip. 1913.) 
21. Prove that if f (n) is the coefficient of 2” in the expansion of z/((1+2+2%) 
in powers of z, then a 
(1) F(n)tf(m—l)+f(m—-2)=0, (2) f (2) =(w3"— 032")/(w3 — 5°), 
where 3 is a complex cube root of unity. Deduce that f(x) is equal to 0 


or 1 or —1 according as z is of the form 3é or 34+1 or 3442, and verify 
this by means of the identity 2/(1+2+-2) =z (1—2)/(1—2). 


22. A player tossing a coin is to score one point for every head he turns 
up and two for every tail, and is to play on until his score reaches or passes 
a total x. Show that his chance of making exactly the total x is 4 {2+(—43)"}. 


(Math. Trip. 1898.) 
[If pn is the probability then Pn=% (Pa-1+Pn-2). also py=1, p:=4.] 
H. 23 
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23. Prove that 


ge -( 
a+1'a4+2'°"°'atn \I/atl \2/(at+1)(a4+2) °°” 
if ~ is a positive integer and a@ is not one of the numbers —1, —2,..., —%. 


[This follows from splitting up each term on the right-hand side into partial 
fractions. When a> -—1, the result may be deduced very simply from the 
equation 


i ee dx 

a = —#r)*§1 —~(l—-2)% — 

| [ie ed fia r)t1—(1 CD i 

by expanding (1—2")/(1—#) and 1-—(1—.)" in powers of x and integrating 
each term separately. The result, being merely an algebraical identity, must 
be true for all values of a save —1, —2, ..., —2.] 


24, Prove by multiplication of series that 
© nm of .t\n-l roe) 
gg ccircin 3 
om!, n.n! 1 2° 3 n 
[The coefficient of z" will be found to be ; 


millt)-3()+3()--}- 


Now use Ex. 23, taking a=0.] 


gn 


n\° 


25. If An>A and By->B as no, then 
(A, By + AoB,-i+...+ AnB)/n> AB. 
[Let A,=A+e,. Then the expression given is equal to 
Bt Bot... + Br 4 Bat 6 Byatt ten By 
n n 


The first term tends to AB (Ch. IV, Misc. Ex. 27). The modulus of 
the second is less than B{|«,|+|¢|+...+|en|}/2, where 8 is any number 
greater than the greatest value of | B,|: and this expression tends to zero.] 


A 


26. Prove that if c,=a,b,+@ob,_1+... +40) and 
An=Q,+0q+...+0n, Bn=b)+bo+...+0n, Co=cytegt... +n, 


c 


then 
, C,= a BytdgBy—yt.+-+0n By =O, Ag t bgAn-1t ee bon A 

and C14 Cy+...¢-C,= A, By+ AoBa_1+...+AnBr. 

Hence prove that if the series Sa, 2bn are convergent and have the sums 
A, B, so that An-> A, Bn>B, then 

(Cy + C+ wet Cr)/n—~> AB. 

Deduce that 7f Sc, 7s convergent then its sum is AB. This result is known as 
Abel’s Theorem on the multiplication of Series. We have already scen 
that we can multiply the series Sa,, 2, in this way if both series are 
absolutely convergent: Abel’s Theorem shows that we can do so even if 
one or both are not absolutely convergent, provided only that the product series 
ts convergent. 
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27. Prove that 
$(1-$4+4—-...?=4-3$(14+$)4+}(1434))-..,, 
4(L-$+4-...=$-2 4H) +4 (14444) -... 


[Use Ex. 9 to establish the convergence of the series. ] 


us 
28. For what values of m and x is the integral | sin” wv (1— cos x)" dx 


convergent? [Ifm+1 and m+2n+1 are positive. ] 


29. Prove that if a>1 then 
| 2 a ae 
-1(@—-#) (1-2) /(a®-1)° 
©0. Establish the formulae 


[, P@t41) +2} deny | G+a) Fwd, 
i. FiJ(a®+1)—2} dom | (+5) FH) dy. 


In particular, prove that ifm > 1 then 
La 


oo 4 00 . 


[In this and the succeeding enn it is of course — that the 
arbitrary functions which occur are such that the integrals considered have a 
meaning in accordance with the definitions of $§ 177 e¢ seq.] 


31. Show that if 2y=ax—(b/x), where a and 6 are positive, then y in- 
creases steadily from —o to o as w increases from 0 to «. Hence show that 


i ft («x 4) dio =f. Silly? +ab)} 11+ zq8can}Y 
=i, Fid(y? +ab)} dy 


32. Show that if 2y=a2+(b/x), where a and b are positive, then two 
values of x correspond to any value of y greater than (ab). Denoting the 
greater of these by az, and the less by ay, show that, as y increases from 
J(ab) towards ©, 2, increases from ,/(b/a) towards o, and 2 decreases 
from ./(b/a) to 0. Hence show that . 


From tO 2-3 | £00) {ape ay th} 


V/(b/a) an ; 
[nF a=} a fo aga th ey 
and that 


Jo Hila s)} 3 | ay Tareas Uma |, Foe tedy ae 
23—2 
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33. Prove the formula 


7 a ° 
[700 $x + tan $2) ea) =f f (cosec x) a 2)" 


34. Ifa and b are positive, then 
/ = ax _ wT ri dx mage TF 
| (@@ta®) (40%) 2ab(atb)’ Jo Wa (+P) 2(a+b)" 
Deduce that if a, 8, and y are positive, and 8? 2 ay, then 
me ada - T (eed x: eG 
9 axt+2Rar+y 2/(2yA4)’ i axt+2Bx%+y  2,/(2aA)’ 
where A4=8+,/(ay). Also deduce the last result from Ex. 31, by putting 
f(y)=1/(2+y?). The last two results remain true when 8? <ay, but their 
proof is then not quite so simple. 


35. Prove that if 6 is positive then 
- vida ae . wida ez 
9 (wa P+b%a® 2b? Jo {(at—at+ beat? 408° 


36. Extend Schwarz’s inequality (Ch. VII, Misc. Ex. 42) to infinite 
integrals of the first and second kinds. 


37. Prove that if ¢(#) is the function considered at the end of § 178 
then 


38. Prove that 


ihe “(ie ra} a Lf, ay (Ga) ae 
a 
[a dn({ a Cae: am, fd v(. ant) = hr. 


Establish similar results in ra the limits of integration are 0 and 1. 
«! (Math. Trip. 1913.) 


CHAPTER IX 


THE LOGARITHMIC AND EXPONENTIAL FUNCTIONS 
OF A REAL VARIABLE 


196. THE number of essentially different types of functions 
with which we have been concerned in the foregoing chapters 
is not very large. Among those which have occurred the most 
important for ordinary purposes are polynomials, rational functions, 
algebraical functions, explicit or implicit, and trigonometrical 
functions, direct or inverse. 


We are however far from having exhausted the list of functions 
which are important in mathematics. The gradual expansion of 
the range of mathematical knowledge has been accompanied by 
the introduction into analysis of one new class of function after 
another. These new functions have generally been introduced 
because it appeared that some problem which was occupying the 
attention of mathematicians was incapable of solution by means of 
the functions already known. The process may fairly be compared 
with that by which the irrational and complex numbers were first 
introduced, when it was found that certain algebraical equations 
could not be solved by means of the numbers already recognised. 
One of the most fruitful sources of new functions has been the 
problem of integration. Attempts have been made to integrate 
some function f(a) in terms of functions already known. These 
attempts have failed; and after a certain number of failures it 
has begun to appear probable that the problem is insoluble. 
Sometimes it has been proved that this is so; but as a rule such 
a strict proof has not been forthcoming until later on. Generally 
it has happened that mathematicians have taken the impossibility 
for granted as soon as they have become reasonably convinced 
of it, and have introduced a new function F (#) defined by its 
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possessing the required property, viz. that F"(x)=f(#). Starting 
from this definition, they have investigated the properties of 
F(x); and it has then appeared that /’ (#) has properties which 
no finite combination of the functions previously known could 
possibly have; and thus the correctness of the assumption that 
the original problem could not possibly be solved has been 
established. One such case occurred in the preceding: pages, 
when in Ch. VI we defined the function log by means of the 


equation 
i = i dx 
0g a — ao ry 


Let us consider what grounds we have for supposing log z to be a really 
new function. We have seen already (Ex. xuit. 4) that it cannot be a rational 
function, since the derivative of a rational function is a rational function 
whose denominator contains only repeated factors. The question whether it 
can be an algebraical or trigonometrical function is more difficult. But it is 
very easy to become convinced by a few experiments that differentiation will 
never get rid of algebraical irrationalities. For example, the result of 
differentiating ./(1+) any number of times is always the product of ./(1+ 2) 
by a rational function, and so generally. The reader should test the 
correctness of the statement by experimenting with a number of examples. 
Similarly, if we differentiate a function which involves sinx or cos, one 
or other of these functions persists in the result. 


We have, therefore, not indeed a strict proof that log # is a new function— 
that we do not profess to give*—but a reasonable presumption that it is. 
We shall therefore treat it as such, and we shall find on examination that its 
properties are quite unlike those of any function which we have as yet 
encountered. . 


197. Definition of log x. We define log a, the logarithm of 2, 
by the equation 4 


[Ps 
logx=/ —. 
rane? 


We must suppose that « is positive, since (Ex. LXXxvi. 2) the | 
integral has no meaning if the range of integration includes 
the point «=0. We might have chosen a lower limit other, 
than 1; but 1 proves to be the most convenient. With this 
definition log 1 = 0. 


We shall now consider how log « behaves as & varies from 0 
towards ©. It follows at once from the definition that log @ is a 


* For such a proof see the author’s tract quoted on p. 236. 
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continuous function of « which increases steadily with # and has 


a derivative 
D, log ae 1 [x ; 


and it follows from § 175 that log « tends to © as a+. 
If « is positive but less than 1, then log is negative. For 
1 
loge = | F=-[F<o 
1 6 t 


«x 
‘Moreover, if we make the substitution ¢=1/u in the integral, we 
obtain 


% Ix 
log =| =f BP on Mn) 
1 


1 WU 
Thus log # tends steadily to — o as w decreases from 1 to 0. 
The general form of the graph of the logarithmic function is 
shown in Fig. 52. Since the derivative of log x is 1/«, the slope of 
Y 


a0 


Fig. 52. 
the curve is very gentle when « is very large, and very steep 
when # 1s very small. 
Examples LXXXII. 1. Prove from the definition that if u > 0 then 
u/(l+u) <log(1+u) <u. 
[For log (1+u)= J “> and the subject of integration lies between 1 and! \ 
1/(1+~).] 3 


. wu? uP 
2. Prove that log(1+z) lies between u— oy and u— Sl +u) 
u tdt 


positive. [Use the fact that log (1+u)=u— i ; Ist! 


3 If 0<4%<1 then u<—log(1—u) <u/(1-w). 
4, Prove that 


when wz is 


g>»iyU-il t—>0 t 


[Use Ex. 1.] 
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198. The functional equation satisfied by logz. The 
function log « satisfies the functional equation 


FS @Y) =F ORR MO. cei (1). 


For, making the substitution t= yu, we see that 


nee -["¢- ee of My du 
on = vy & Jy w me 


= log w — log (1/y) = log x + log y, 
which proves the theorem. 


Examples LXXXTII, 1. It can be shown that there is no solution of 
the equation (1) which possesses a differential coefficient and is fundamentally 
distinct from logz. For when we differentiate the functional equation, first 
with respect to a and then with respect to y, we obtain the two’ equations 

yf (ayy=f' (%), af! (ay)=f" (y); 
and so, eliminating f’ (xy), af'(7)=yf’(y). But if this is true for every pair 
of values of # and y, then we must have xf’ (7)=C, or f’ (7)=C/x, where C 
is a constant. Hence 


fa=|F di+C'=C log a+’, 


and it is easy to see that C’=0. Thus there is no solution fundamentally 
distinct from log xz, except the trivial solution f(v)=0, obtained by taking 
C0; 


2. Show in the same way that there is no solution of the equation 


f (2) Ad Ce 


ea 


which possesses a differential coefficient and is fundamentally distinct from 


arc tan 2%. 


199. The manner in which log « tends to infinity with z. 


% It will be remembered that in Ex. xxxvi. 6 we defined certain 


different ways in which a function of # may y tend to infinity with a, 
distinguishing between functions which, when «# is large, are of 
the first, second, third,... orders of greatness. A function / (#) 
was said to be of the kth order of greatness when f (x)/2* tends to 
a limit different from zero as w tends to infinity. 


It is easy to define a whole series of functions which tend to 
infinity with x, but whose order of greatness 1s smaller than the first. 
Thus a, Vx, /x,... are such functions. We may say generally 
that a*, where a is any positive rational number, is of the ath 
order of greatness when w is large. We may suppose a as small 
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as we please, e.g. less than ‘0000001. And it might be thought 
that by giving a all possible values we should exhaust the 
possible ‘orders of infinity’ of f(x). At any rate it might be 
supposed that if f(x) tends to infinity with «, however slowly, we 
could always find a value of @ so small that «* would tend to 
infinity more slowly still; and, conversely, that if f(«) tends to 
infinity with a, however rapidly, we could always find a value 
of a so great that «* would tend to infinity more rapidly still. 


Perhaps the most interesting feature of the function log z is its 
behaviour as « tends to infinity. It shows that the presupposition 
stated above, which seems so natural,is unfounded. The logarithm 
of x tends to infinity with x, but more slowly than any positive power 
of x, wmtegral or fractional. In other words loga— oo but 

log? 9 
x 
for all positive values of a. This fact is sometimes expressed 
loosely by saying that ‘the order of infinity of log @ is infinitely 
small’; but the reader will hardly require at this stage to be warned 
—e such modes of expression. 


200. Proof that (logz)/c*+0 as x>o. Let 8 be any 
positive number. Then 1/t< 1/#-8 AS t>1, and so 


1 <t | (a). . wee 
og a= — - \ + a : 


or log x< ie ‘iis < 9/2, 
when x>1. Now if a is any positive number we can choose a 
~ smaller positive value of 8. And then ; 
Oa lop a) Pm a-"/8" (¢>1). 
But, since a> 8, 28-*/B+0 asx ~> o, and therefore 
(log «)/a*->0. 
201. The behaviour of log#asz—>+0. Since 
(log w)/a* = — y* log y 
if « =1/y, it follows from the theorem proved above that 


hm y*logy=— aus _ (log 2/27 — 0. 

y>+0 
Thus log « tends to — 9% and ~ (ja) =—loga to o as x tends 
to zero by positive values, but log (1/x) tends to o more slowly 
than any positive power of 1/x, integral or fractional. 


362 THE LOGARITHMIC AND EXPONENTIAL FUNCTIONS {ax 


202. Scales of infinity. The logarithmic scale. Let us consider once 
more the series of functions 


2, a/2, NED GOs) v2, Cy) 

which possesses the property that, if f(x) and $(#) are any two of the 
functions contained in it, then f(x) and ¢ (x) both tend to 0 as x>a, while 
T(x) (#) tends to 0 or to o according as f(#) occurs to the right or the 
left of @ (x) in the series. We can now continue this series by the insertion 
of new terms to the right of all those already written down. We can begin 
with log 2, which tends to infinity more slowly than any of the old terms. 
Then ,/(log x) tends to « more slowly than log z, /(log 2) than ,/(log x), and 
soon. Thus we obtain a series 


Der O, Wa, ey tines: lee ilies ), a AORED), cccses dog x), . 
formed of two simply infinite series arranged one after the other. But this 


is not all. Consider the function loglog 2, the logarithm of logw. Since 
(log «)/2%—> 0, for all positive values of a, it follows on putting x=log y that 


(log log y)/(log y)*= (log x)/2* > 0. 
Thus log log y tends to © with y, but more slowly than any power of log y. 
Hence we may continue our series in the form 


ene Yn, ... log a, /(log x), 4/(log x), ... log log x, ./(log log x), ... X/(log log x), ... ; 
and it will by now be obvious that by introducing the functions log log log 2, 
log log log log #, ... we can prolong the series to any extent we like. By 
putting v=1/y we obtain a similar scale of infinity for functions of y which 
tend to 0 as y tends to 0 by positive values. * 


Examples LXXXIV. 1. Between any two terms f(x), (x) of the series 
we can insert a new term ¢ (x) such that d(x) tends to «© more slowly than 
f() and more rapidly than F(x). [Thus between /x and 4/z we could insert 
x2; between ,/(log z) and 4/(log x) we could insert (log x). And, generally, 
p (x) =/{f (x) F(x)} satisfies the conditions stated. ] 

2. Find a function which tends to o more slowly than ./x, but more 
rapidly than 2%, where a is any rational number less than 1/2. [,/2/(log x) is 
such a function; or /x/(log.)®, where 8 is any positive rational number.] 

3. Find a function which tends to 2 more slowly than ,/x, but more 
rapidly than ./2/(log «)*, where a is any rational number. [The function 
Ja](loglog) is such a function. It will be gathered from these examples that 
incompleteness is an inherent characteristic of the logarithmic scale of infinity. ] 


4, How does the function 
f (w)= {a (log 2)* (log log «)*"}/fa (log x) (log log 2)*"} 
behave as x tends to 0? [If a+8 then the behaviour of 
f (#) = 2°78 (log se)" ~F (log log x)" ~F" 


* For fuller information as to ‘ scales of infinity’ see the author’s tract ‘ Orders 
of Infinity’, Camb. Math. Tracts, No. 12. 
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is dominated by that of #*-®, If a= then the power of x disappears and 
the behaviour of f(z) is dominated by that of (logz)* ~*, unless a’=§’, when 
it is dominated by that of (loglogx)*’-®", Thus f(#)+ 0 if a>, or 
a=, a’ >8’, or a=, a’=f’, a” > B”, and f(x) ->-0 if a<, or a=f, a’ <P’, or 
a=, a=’, a” <p".] 

5. Arrange the functions .r/,/(log x), «/(log x)/log log x, x log log x/,/(log x), 
(a log log log w)/,/(log log x) according to the rapidity with which they tend 
to infinity as wo, 


6. Arrange 

log log #/(xlog x), (logx)/x, slog log x/J/(a?+1), {/(@+1)}/x (log x)? 
according to the rapidity with which they tend to zero as zo. 

7. Arrange 

x log log (1/x), Jx/flog (1/x)}, /{e sin xlog(1/x)}, (1—cos x) log (1/x) 
according to the rapidity with which they tend to zero as 7->+0. 


8. Show that 
D, log log x=1/(x log xv), D, log log log e=1/(x# log x log log x), 
and so on. 
9. Show that 


D,, (log x)*=a/{x (log z)'~%, D, (log log «)*=a/{a log « (log log x)!~%, 
and so on. 

203. The number e We shall now introduce a number, 
usually denoted by e, which is of immense importance in higher 
mathematics. It is, like aw, one of the fundamental constants 
of analysis. 


- We define e as the number whose logarithm ws 1. In other 
words e is defined by the equation 


=[¢ 
a ew 


Since log # is an increasing function of a, in the stricter sense of ( fy ‘ 
§ 95, it can only pass once through the value 1. Hence our _ 
definition does in fact define one definite number. “_ 
Now log xy = log x + log y and so 
loga@=2loga, loga#=3logz,..., logx*=n log z, 
where 7 is any positive integer. Hence 


log e” =n loge=n. 
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Again, if p and q are any positive integers, and e?/? denotes the 
positive gth root of e?, we have 


p= log e? = log (e”!2)1 =q log en, 


so that log e?/4= p/q. Thus, if y has any positive rational value, 
and eY denotes the positive yth power of e, we have 


de! EE PRA (1), 
and log e~¥=— log ey¥=—y. Hence the equation (1) is true for 
all rational values of y, positive or negative. In other words the 
equations 

= 10H, BEY ose eeseeecesseoeseones (2) 


are consequences of one ae so long as y is rational and e 
has its positive value. At present we have not given any definition 
of a power such as e¥ in which the index is irrational, and the 
function e¥ is defined for rational values of y only. . 


Example. Prove that2 <e <3. [In the first place it is evident that ” 


ne 
i 
—<l, 
ee 
and so2<e. Also 


—s er — 1 ae | eee de ae 
| oa 0 4~-u? 


so that e< = 


204. The exponential function. We now define the ez- 
ponential function e¥ for all real values of y as the inverse of 
the logarithmic function. In other words we write 

a =e 
if y = log a. 

We saw that, as 2 varies from 0 towards o, y increases 
steadily, in the stricter sense, from —oo towards o. Thus to 
one value of « corresponds one value of y, and conversely. Also y 
is a continuous function of 2, and it follows from § 109 that a is 
likewise a continuous function of y. 


It is easy to give a direct proof of the continuity of the exponential function. 
For if v=e4 andvw+é=e%"" then 
até dt 
— 
x 


Thus |y| is greater than £/(7+é) if €>0, and than |&|/a if <0; and if 7 is 
very small € must also be very small. 
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Thus e” is a positive and continuous function of y which 
increases steadily from 0 towards o as y increases from — 0 
towards 0%. Moreover e¥ is the positive yth power of the number 
e, in accordance with the elementary definitions, whenever y is 
a rational number. In particular ev =1 when y=0. The general 
form of the graph of eY is as shown in Fig. 53. 


0 x 
Fig. 53. 


205. ‘The principal properties of the exponential 
function. (1) If «=e, so that y=loga, then dy/dx=1/« 
and 

di 

-——=7= ey, 

ue x= ey. 
Thus the derivative of the exponential function is equal to the 
Junction itself. More generally, if «=e then da/dy = ae. 


(2) The exponential function satisfies the functional equation. 


fy+)=fMFO 
This follows, when y and z are rational, from the ordinary rules 
of indices. If y or z, or both, are irrational then we can choose two 
Sequences 7, %.,..-, Yu, ».. ANA'Z,, Zo, ...,Z,, «-- Of rational numbers 
such that limy,=y, limz,=z. Then, since the exponential 
function is continuous, we have 


ev x e? = lim e%m x lim en = lim eYntén = eYt2, 
In particular eY x e~-¥ = e° = 1, or e-¥ = 1/e. 


We may also deduce the functional equation satisfied by eY 
from that satisfied by logs For if y,=log a, y.= log a, so that 
m=e, =e, then y,+ y.= log a,+ loga,=log 7,2, and 


EvitYs = glog % a, — LH = eV X EY, 
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Examples LXXXV. 1. If dz/dy=ar then x=Ke%, where K is a 
constant. 


2. There is no solution of the equation f(y+z)=f(y) f(z) fundamentally 
distinct from the exponential function. [Weassume that f(y) has a differential 
coefficient. Differentiating the equation with respect to y and z in turn, we 
obtain 


PY+D=f (NFO, FY+D=f(Yf' 
and so f’(y)/f(y) =f" (2)/f(4), and therefore each is constant. Thus if r=f(y) 
then dx/dy=ax, where a is a constant, so that «= Xe (Ex. 1).] 


3. Prove that (ev-—1)/y>a as y+>0. [Applying the Mean Value 
Theorem, we obtain e” -1=ayea, where 0 <|n| <|y|.] 


206. (8) The function e% tends to infinity with y more rapidly 
than any power of y, or 


lim y*/eY = lim e~¥y* =0 


asy>o, for all values of a however great. 


We saw that (log x)/x®>0 as «>, for any positive value 
of 8 however small. Writing a for 1/8, we see that (log x)*/~+0 
for any value of a however large. The result follows on putting 
x=e. It is clear also that ev” tends to 0 if y>0, and to 0 if 
y < 0, and in each case more rapidly than any power of y. 


From this result it follows that we can construct a ‘scale of infinity’ 
similar to that constructed in § 202, but extending in the opposite direction ; 
z.e. a seale of functions which tend to o more and more rapidly as zo .* 
The scale is 


Dy, i, ORE aka O" 5 Bequeen oda Cee 
where of course e*, ..., e, ... denote el"), ..., ele), .... 
The reader should try to apply the remarks about, the logarithmic scale, 


made in § 202 and Exs. Lxxx1Iv, to this ‘exponential scale’ also. The two scales 
-may of course (if the order of one is reversed) be combined into one scale 


sea t@o loge, 2... 1083, .120 aes ets ECs 


207. The general power a”. The function a? has been 
defined only for rational values of «, except in the particular case 


* The exponential function was introduced by inverting the equation y=log x 
into c=e%; and we have accordingly, up to the present, used y as the independent 
and « as the dependent variable in discussing its properties. We shall now revert 
to the more natural plan of taking x as the independent variable, except when it is 
necessary to consider a pair of equations of the type y=log xz, x =e" simultaneously, 
or when there is some other special reason to the contrary. 
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when a@=e. We shall now consider the case in which a is any 
positive number. Suppose that # is a positive rational number 
p/q. Then the positive value y of the power a?/4 is given by 
yi =aP; from which it follows that 


qlogy=ploga, logy=(p/q) log a=-aloga, 
and so Of = Ctnoee 
We take this as our definition of a* when z is irrational. Thus . 
10v? = ev2!e10, Tt is to be observed that a”, when « is irrational, 
is defined only for positive values of a, and is itself essentially 
positive; and that loga*=aloga. The most important properties 
of the function a? are as follows. 


(1) Whatever value a may have, a? x aY = a*+¥ and (a”)¥ = a, 
In other words the laws of indices hold for irrational no less than 
for rational indices. For, in the first place, 
_ jal loga — ere — : 
ae x ay = eM*984 & eY'84 = eltt+y) loga — qzty : 


and in the second 
(at jy = ey lesa? — gryloea — ary, 


(2) Ifa>1 then a*=e*!%4—¢* where a is positive. The 
graph of a* is in this case similar to that of ¢, and a*?>o 
as ~-> 0, more rapidly than any power of «. 


If a <1 then a* = e*'8* = e-*, where 8 is positive. The graph 
of a* is then similar in shape to that of e*, but reversed as regards 
right and left, and a*+0 as a>, more rapidly than any 
power of 1/z. 

(3) a*® is a continuous function of x, and 

Dy a = Dye* 84 = e* 4 log g = a* log a. 

(4) a*is also a continuous function of a, and 

Dy a® = Dy, e? 84 = glee (e/g) = xa?, 

(5) (a?—1)/e¢+loga as «+0. This of course is a mere 
corollary from the fact that D,a*=a*loga, but the particular 
form of the result is often useful; it is of course equivalent to the 
result (Ex. LXXXv. 3) that (e* —1)/a7 >a as a—0. 

In the course of the preceding chapters a great many results involving 
the function a* have been stated with the limitation that x is rational. The 


definition and theorems given in this section enable us to remove this 
restriction. 
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208. The representation of ¢* as a limit. In Ch. IV, 
§ 73, we proved that {1+(1/n)}” tends, as n>o, to a limit 
which we denoted provisionally by e. We shall now identify this 
limit with the number e of the preceding sections. We can 
however establish a more general result, viz. that expressed by 
the equations 
Han (1 +2)" lim (1- =" eo . (1). 


As the result is of very great importance, we shall indicate alter- 
native lines of proof. 


(1) Since 


d x 
sp ne) emer 
it follows that 
lim 
h>0 
If we put h =1/£, we see that 
lim Elog (1 + 2 = 
as E>o or €>—o. Since the exponential function is con- 
tinuous it follows that 


(1 + 3) = gf log {1+(a/t)} + pr 


log(1 + ah) _ 
eT ceca 


as E> oor &>— om: ze. that 
g 
lim (1 + 2 lim (1 + z)=¢ vsanecy aoe 
>on E/ g>-—o E ( ) 
If we suppose that € > oo or €->—o through integral values 
only, we obtain the result expressed by the equations (1). 


(2) If is any positive ee however rs and # > 1, we have 


«x dt x 
i ral 71 + (1/n) <|"%< ,o- a ? 


or n(1—-x-'") < log x <n(x!"-1) 


Writing y for logz, so that y is positive and #=e%, we obtain, after some 
simple transformations, = 


Now let 
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Then O<n,<no, at any rate for sufficiently large values of 2; and, by 
(9) of § 74, 

na —m" <I”! (ne—m) =y¥"no"/n, 
which evidently tends to 0 as no. The result now follows from the 
inequalities (4). The more general result (2) may be proved in the same way, 
if we replace 1/n by a continuous variable h. 


209. The representation of logx as a limit. We can also prove 
(cf. § 75) that 
lim 2 (1274) =lim n (v1™—1)=log x, 

For nm (alm —1)—n (1—a- Me) =n (vl —1) (1-2-1), 
which tends to zero as nm», since n(«!/"—1) tends to a limit (§ 75) and 
a" to 1 (Ex, xxvii. 10). The result now follows from the inequalities (3) of 
§ 208. 


Examples LXXXVI. 1. Prove, by taking y=1 and n=6 in the in- 
equalities (4) of § 208, that 2.5 <e < 2.9. 


2. Prove that if ¢>1 then (¢4/"—¢-')/(¢-¢-1) <1/n, and so that if 
a> 1 then 


pe oie dis 2 Vie iNet U1 La, 
eer fom aly Va) al\’*s *)° 
Hence deduce the results of § 209, 


3. If &, is a function of n such that né,->1 as n> wo, then (1+&,)">e 
[Writing m log (1+€,) in the form 


1 (Ms) oe) 


and using Ex. Lxxx11. 4, we see that n log (1+&,) > .] 


4. Ifng,—>, then (1+é,)">o ; and if 1+é,>0 and né,>—0 , then 
(1+ &,)"—> 0. 


5. Deduce from (1) of § 208 the theorem that e” tends to infinity more 
rapidly than any power of y. 


210. Common logarithms. The reader is probably familiar 
with the idea of a logarithm and its use in numerical calculation. 
He will remember that in elementary algebra log,2, the logarithm 
of « to the base a, is defined by the equations 


=a, y=loggs. 


This definition is of course applicable only when y is rational, 
though this point is often passed over in silence. 
Hi. 24 
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Our logarithms are therefore logarithms to the base e. For 
numerical work logarithms to the base 10 are used. If 


y=loga=log, 2, z=logy &, 
then «= eY and also w= 107 = e? 8" so that 
logy, # = (log, #)/(log, 10). 
Thus it is easy to pass from one system to the other when once 
log. 10 has been calculated. 


It is no part of our purpose in this book to go into details 
concerning the practical uses of logarithms. If the reader is 
not familiar with them he should consult some text-book on 
Elementary Algebra or Trigonometry.* 


Examples LXXXVII. 1. Show that 
D,e% cos ba=re% cos (ba +0), D,e* sin ba=re* sin (bv +6) 


where r= J/(a?+62), cos d=a/r, sin@=b/r. Hence determine the nth deri- 
vatives of the functions e“cos br, esin ba, and show in particular that 
De et% = Q” et, 


9. Trace the curve y=e~%sin b2, where a and 0 are positive. Show 
that vy has an infinity of maxima whose values form a geometrical progression 
and which lie on the curve 

b 


y= att) eo, (Math. Trip. 1912.) 


3. Integrals containing the exponential function. Prove that 


| e% cos badx= 


acos br+6 sin bx asin ba — 6 cos bx 

a? + b2 a2 “+ b2 
[Denoting the two integrals by J, J, and integrating by parts, we obtain 
al=e% cosba+bJ, aJ=e%sin bx — bl, 


t 


ax 


er, | e%* sin badxr= 


Solve these equations for J and J.] e 


4, Prove that the successive areas bounded by the curve of Ex. 2 and the 
positive half of the axis of x form a geometrical progression, and that their 


sum is 
Ie 
a? +b? j=. 


5, Prove that if a> 0 then 


= a “ b 
~ ax f = —ax i. =-———"=r o 
i. e~°* cos brdx are i = bx da rrp 


* See for example Chrystal’s Algebra, vol. i, ch. xx, The value of log, 10 is 
2-302... and that of its reciprocal °434.... 
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G fie | ertandx then al,=e%2"—nl,_,. [Integrate by parts. It 
follows that J, can be calculated for all positive integral values of n.] 


7. Prove that, if n is a positive integer, then 


en ee 
0 . ; a Gl 


and | e~*adrmn!. 
0 
8. Show how to find the integral of any rational function of e* [Put 
z=log u, when e*=u, dx/du=1/u, and the integral is transformed into that 
of a rational function of u.] 


9. Integrate 
e2x 


distinguishing the cases in which a is and is not equal to 8. 


10. Prove that we can integrate any function of the form P(x, e%, ¢°, ...), 
where P denotes a polynomial. [This follows from the fact that P can be 
expressed as the sum of a number of terms of the type Axe, where m is a 
positive integer. | 


11. Show how to integrate any function of the form 


PE peeree”. ..., COSix, COsmNe, ...49siInlr, SING, ...). 


12. Prove that | ex R(x) dz, where A\>O0 and a is greater than the 
a 


greatest root of the denominator of 2 (x), is convergent. [This follows from 
the fact that e tends to infinity more rapidly than any power of ~.] 


i.e) 


13. Prove that | e—Ax*-+nad x, where A > 0, is convergent for all values of 


— 3 
ic.2) 
p, and that the same is true of i e—Aut+na a dx, where n is any positive 
—o 
integer. 


14. Draw the graphs of e”, e~™, xe*, ve-*, ve”, xe-™, and xlog x, deter- 
mining any maxima and minima of the functions and any points of inflexion 
on their graphs. 


15. Show that the equation et#=bx, where a and 0 are positive, has two 
real roots, one, or none, according as b>ae, b=ae, orb<ae. [The tangent 
to the curve y=e% at the point (&, e2€) is 

y —e%& =aeas (x —&), 
which passes through the origin if a€=1, so that the line y=aex touches the 
curve at the point (1/a, e). The result now becomes obvious when we draw 
the line y=bx. The reader should discuss the cases in which a or b or both 
are negative. } 


24—2 
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16. Show that the equation e*=1+ has no real root except v=0, and 
that e*=1+2+44.2" has three real roots. 


17. Draw the graphs of the functions 


1 
ud ) ,  e74% cos? bx, 


e~ (1/2), em (Wz? /(1/a), e-cot”, e-cot?a, 


log {o-+V/(22+1)}, log ( 


18. Determine roughly the positions of the real roots of the equations 


x Q2+4 I 


06 +N = T5919 = 10000" 


e*sina=7, et? sin r=10000. 


19. The hyperbolic functions. The hyperbolic functions cosh 2,* 
sinh, ... are defined by the equations 


cosh v=} (e*+e7*), sinh c=4(e*—e7*), 
tanh «=(sinh x)/(cosh x), coth s=(cosh.r)/(sinh 2), 
sech s=1/(cosh x), cosech x=1/(sinh 2). 


Draw the graphs of these functions. 


20. Establish the formulae 
cosh (~x#)=coshz, sinh(—#)=—-—sinhwz, tanh(-.«)=-— tanh g, 
cosh? ¢—sinh?v=1, sech?v+tanh? «=1, coth? s—cosech? 7=1, 
cosh 27=cosh? #+sinh? #, sinh 27=2 sinh « cosh 2, 
cosh («+ y)=cosh # cosh y+sinh # sinh y, 
sinh (2+y)=sinh « cosh y+cosh # sinh y. 
21. Verify that these formulae may be deduced from the corresponding 
formulae in cos 7 and sin xz, by writing cosh x for cos 7 and 7 sinh x for sin . 


[It follows that the same is true of all the formulae involving cos nx and 
sin na which are deduced from the corresponding elementary properties of 
cosv and sinw. The reason of this analogy will appear in Ch. X.] 


22. Express cosh and sinh # in terms (a) of éosh 2xv (b) of sinh 2x. 
Discuss any ambiguities of sign that may occur. (Math. Trip. 1908.) 
23. Prove that 
D,coshv=sinh x, D,sinhw=cosha, D,tanh «=sech?z, D,coth z= —cosech? x, 
D,secha=-—-sech«tanhz, D,cosech 2= —cosech x coth 2, 
D, log cosh x=tanh a, D, log | sinh #|=coth 2, 
D, arc tan e*=4sech x, D,log| tanh $2|=cosech 2. 
[All these formulae may of course be transformed into formulae in inte- 
gration. ] 


* ‘Hyperbolic cosine’: for an explanation of this phrase see Hobson’s Trigo- 
nometry, ch. XVI. 
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24. Prove that cosha>1 and —1 <tanhe <1. 


25. Prove that if y=coshw then x=log{y+/(y?—1)}, ify=sinh x then 
v=log{y+/(y?+ 1}, and if y=tanh x then r=3 log {(1+y)/(1—y)}. Account 
for the ambiguity of sign in the first case. 


26. We shall denote the functions inverse to cosh z, sinh x, tanh x by 
arg cosh x, arg sinh sz, argtanh x. Show that arg cosh x is defined only when 
x 21, and is in general two-valued, while argsinh-w is defined for all real 
values of z, and argtanhz when —1<x#<1, and both of the two latter 
functions are one-valued. Sketch the graphs of the functions. 


27. Show thatif -32 <2 <}$7 and yis positive, and cos x cosh y=1, then 
y=log (secx+tanz), D,y=secx, D,x=sech y. 


28. Prove thatif a>0 then Ize saan =arg sinh (2/a), and lae=m Tat ae 


equal to arg cosh (#/a) or to — arg cosh (—x/a), according as #>0 or 7 <0. 


29. Prove that if @a>0 then la — is equal to ~ (1/a) arg tanh (z/a) or 


to —(1/a) arg coth (x/a), according as Mali is less than or greater than a. [The 
results of Exs. 28 and 29 furnish us with an alternative method of writing 
a good many of the formulae of Ch. VI.] 


30. Prove that 


ax 


Rcechose te —2log{\(a—«)+/(b-2)} (w@<a <b), 


ax L—-a 
J ae=erpaay ts o/ (Gas) <#<?. 
31. Prove that 


1 
| x log (1+4$2x) d=} - Zlog 3 <if' vdr=}, 
0 
(Math. Trip. 1913.) 
32. Solve the equation a cosh +6 sinh x=c, where c > 0, showing that it 
has no real roots if b?+¢?—a?<0, while if 6?+c?—a?>0 it has two, one, or 


no real roots according as a+b and a—8 are both positive, of opposite signs, 
or both negative. Discuss the case in which b?+ c?— a?=0. : 


33. Solve the simultaneous equations cosh x cosh y=a, sinh x sinh y=b. 


34. vl*#»1l as #>o. [For alt= ellos. and (log x)/a~>0. Cf. 
Ex. xxvii. 11.] Show also that the function x/* has a maximum when 
“=e, and draw the graph of the function for positive values of x. 


35. w>1 as r>+0. 
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36. If {f(n+1)}¥/{f (nil, where 1>0, as n>, then 2/{f(n)} +1. 
[For log f(n+1)-— log f(m)—>logl, and so (1/n) log f(n) > log? (Ch. IV, Misc. 
Ex. 27).] h 

37. Y(n!)/n>1/easn>o. 

[lf f(iz)=n-*n! then {f(n+1)}/{ f(a} = {1+ (1/n)}-*"+1/e. Now use 
Ex. 36.] 

38. 2/{(2n)!/(n!)7} > 4 as n-> w. 

39. Discuss the approximate solution of the equation e%= 71000000, 


[It is easy to see by general graphical considerations that the equation 
has two positive roots, one a little greater than 1 and one very large*, and one 
negative root a little greater than —1. To determine roughly the size of the 
large positive root we may proceed as follows. If e*=.1000000 then 

“x=10% log x, log x=13'82+log log x, loglogr=2°63+log ¢ +e ; 
roughly, since 13°82 and 2°63 are approximate values of log 10° and log log 108 
respectively. Itis easy to see from these equations that the ratios log x : 13°82 
and log log x : 2°63 do not differ greatly from unity, and that 

a= 108 (13°82 +og log x) = 10° (13-82 +263) = 16450000 
gives a tolerable approximation to the root, the error involved being roughly 
measured by 10 (log log # — 2°63) or (10° log log x)/13°82 or (10° x 2°63)/13-82, 
which is less than 200,000. The approximations are of course very rough, 
but suffice to give us a good idea of the scale of magnitude of the root.] 


40. Discuss similarly the equations e*= 1000000 71000000, gx? _.. 1000000000, 


911. Logarithmic tests of convergence for series and 
integrals. We showed in Ch. VIII (§§175 et seg.) that 


o ] ~ da 
s=./ 3 (a> 0) 


are convergent if s>1 and divergent if s=1. Thus =(1/n) is 
divergent, but 2 7!~* is convergent for all positive values of a. 


We saw however in § 200 that with the aid of logarithms we 


can construct functions which tend to zero, as no, more 


rapidly than 1/n, yet less rapidly than n-'~*, however small a may 
be, provided of course that it is positive. For example 1/(mlogn) 
is such a function, and the question as to whether the series 


1 


nlog n 


* The phrase ‘very large’ is of course not used here in the technical sense 
explained in Ch. IV. It means ‘a good deal larger than the roots of such equations 
as usually occur in elementary mathematics’. The phrase ‘a little greater than’ 
must be interpreted similarly. 
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is convergent or divergent cannot be settled by comparison with 
any series of the type 2 n-*. 


The same 1s true of such series as 
s 1 s log log n 
n (log n)?’ na/(log n)° 
It is a question of some interest to find tests which shall enable 
us to decide whether series such as these are convergent or 


divergent; and such tests are easily deduced from the Integral 
Test of § 174. 


For since 


l-—s 
1-8 _ _— = 
Dz, (log x) = OE D, log log w= ee 
we have 
fda. (ogéy"—(logay* fi de _ 
So Ls ? | Figs ee = ee 


ifa>1. The first integral tends to the limit — (log a)!-*/(1 —s) 
as E>, if s>1,and to © ifs<1. The second integral tends 
to o. Hence the series and integral 


Se | se 

ag @ogny?’ J, x loge)?’ 
where ny and a are greater than unity, are convergent if s>1, 
divergent if sS1. . 

It follows, of course, that =(n) is convergent if @(n) is 
positive and less than K’/{n (log »)*}, where s >1, for all values of n 
greater than some definite value, and divergent if ¢ (7) 1s positive 
and greater than K/(n log) for all values of n greater than some 
definite value. And there is a corresponding theorem for intcgrals 
which we may leave to the reader. 


Examples LXXXVIII. 1. The series 
1 (log n)!00 n?—1 | 
n (log 2)?’ ~pAorj10o" ? n?+1 n (log n)i6 

are convergent. [The convergence of the first series is a direct consequencé 
of the theorem of the preceding section. That of the second follows from 
the fact that (log)! is less than 2® for sufficiently large values of n, how- 
ever small 8 may be, provided that it is positive. And so, taking B=1/200, 
(log 7)! 7-101100 jg less than 2~%01200 for sufficiently large values of x. The 
convergence of the third series follows from the comparison test at the end of 
the last section. ] 
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2. The series 
1 nlogn 


=H (log 7)97? > ji0oii01 (log 22)100? (nm log n)?+1 
are divergent. 


3. The series 


(log 2)? (log n)? (log log n)2 (log log )” 
2 mite ? 2 nits ? > (log n)i*®? 
where s>0, are convergent for all values of » and qg; similarly the series 
i 1 1 


=F og nye?“ al=*(logn)? (loglog nye’ * m (log n)!=* (log log n)> 
are divergent. 


4, The question of the convergence or divergence of such series as 
5 1 log log log 
n log n log log 2’ n log n ./(log log n) 
cannot be settled by the theorem of p. 375, since in each case the function 
under the sign of summation tends to zero more rapidly than 1/(n log 7) yet 
less rapidly than »~1(logm)~*—*, where a is any positive number however 
small. For such series we need a still more delicate test. The reader should 
be able, starting from the equations 
; l—s 
V8 ane 
Dz (log) x log x logs x...log,—; x (log, x)*’ 
1 
Dylon +1 O= log # logs a...log,_, v log, x’ 
where log, z=log log #, log; #=log logloga, ..., to prove the following 
theorem: the series and integral 


2 1 i. dx 

oF n log n logs n... logy,—4 n (log, 2)°? | a © log # loge # ... logy_; a (log, a)? 
are convergent if s>1 and divergent if s=1, m and a being any numbers 
sufficiently great to ensure that log, and log,# are positive when n2n) 
or Za. These values of mp and a increase very rapidly as & increases : 
thus logz>0 requires 7>1, log.7>0 requires x>e, log logx>0 requires 
x>e, and so on; and it is easy to see that e*> 10, e¢ > e! > 20,000, 
C2 > 620,000 s 193000, 

The reader should observe the extreme rapidity with which the higher 
exponential functions, such as €@” and ec, increase with xv. The same 


remark of course applies to such functions as @@ and qa where a has 
any value greater than unity It has been computed that 99° has 369,693,100 
figures, while 1010! has of course 10,000,000,000. Conversely, the rate of 
increase of the higher logarithmic functions is extremely slow. Thus to make 
log log log log w > 1 we have to suppose # a number with over 8000 figures. * 


* See the footnote to p. 362. 
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a 8 
5. Prove that the integral I ; {los (=) dx, where 0 <a<1, is con- 
0 
vergent if s <<—1, divergent if s2—1. [Consider the behaviour of 


J7a fos) a 


as e>+0. This result also may be refined upon by the introduction of 
higher logarithmic factors. ] 


6. Prove that ip {lee (5 ) ae has no meaning for any value of s. 


[The last example shows that s <<—1 is a necessary condition for convergence 
at the lower limit: but {log (1/%)}* tends to o like (1—.~)§, as r>1-—-0, if s 
is negative, and so the integral diverges at the-upper limit when s << —1.] 


7. The necessary and sufficient conditions for the convergence of 


1 
| peel {log (Z)} a are a>0, s>—1. 
0 


Examples LXXXIX. 1. Euler's limit. Show that 
$(n)=14+5 ie ate | i ~ los on 


tends to a limit y as no, and that O<ysl. [This’follows at once from 
§ 174. The value of y is in fact ‘577..., and y is usually called Euler’s 
constant. | 


2. Ifaand bare positive then 
: ee eee ee 
a tas a+2b at(n-1)b 6 


tends to a limit as n>o. 


zlog (a+nb 


3 If0<s<1 then 
ni-8 

f(r) =14 2-43-84... +(m— 1-8 

tends to a limit as n>o. 
4. Show that the series 
2(1+$) 3(1+3+$) 

is divergent. [Compare the general term of the series with 1/(n log 7).] 
Show also that the series derived from = 778, in the same way that the above 
series is derived from 3 (1/7), is convergent if s >1 and otherwise divergent. 


5. Prove generally that if Su, is a series of positive terms, and 
8, = Uy + Ugt... +Uny 
then 3 (%#p/s,~1) is convergent or divergent according as 2, is convergent or 
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divergent. [If Sw, is convergent then s,_, tends to a positive limit i, and so 
2 (wy/8:-1) 18 convergent. If Su, is divergent then s,_,-~0, and 
Un|Sn—) > log {1 oa (tUn/8n—1)} =log (8n/8n—1) 
(Ex. LXxx1I. 1); and it is evident that 
log (82/81) + log (83/2) + ... +10g (8,/Sp—1) = log (8/81) 
tends to © asn>o.] 

6. Prove that the same result holds for the series 3 (1n/,). [The proof 
is the same in the case of convergence. If Sw, is divergent, and <8, 
from a certain value of ~ onwards, then s,<2s,_,, and the divergence of 
= (Un/Sn) follows from that of 3 (u,/s,-;). If on the other hand wu, 2s8,_; for 
an infinity of values of 2, as might happen with a rapidly divergent series, 
then w,/s, 24 for all these values of n.] 

7. Sum the series 1~4+4-.... [We have 

1 1 | ara) & il 
Itotent 5 slog (2n+l)t+yten; 2 (5 ang ooo mi) log (#+1)+y+ en, 


by Ex. 1, y denoting Euler’s constant, and en, en’ being numbers which tend 
to zeroas no. Subtracting and making n-~- we see that the sum of the 
given series is log2. See also § 213.] 


8. Prove that the series 


2 (— 1) (145 +-- as | : Finks -C) 


oscillates finitely except when C=y, a it converses: 


212. Series connected with the exponential and log- 
arithmic functions. Expansion of e* by Taylor’s Theorem. 
Since all the derivatives of the exponential function are equal 
to the function itself, we ae 


ani a” 
@=1l+ets par ou 


a ne -— 1)! ‘3 n! 
where 0<0<1. But a#"/n!+>9as n—o , whatever be the value of « 
(Ex. XXVII.12); and e”< e*. Hence, making n tend to o , we have 


@altotet.. + be. a. (1). 


The series on the right-hand side of this equation is known as 
the exponential series. In particular we have 
Le 
e=l1l+1+5, ai + 
and so 


il l x a? an 
(ltlt oj tet ates) =ltats t+... aie ven wee Ga). 
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a result known as the exponential theorem. Also 


wa eriee=1 + (wloga) + ERO 5 Ses piece (4) 
for all positive values of a. 


The reader will observe that the exponential series has the property of 
reproducing itself when every term is differentiated, and that no other series 
of powers of « would possess this property : for some further remarks in this 
connection see Appendix IT. — 


The power series for e* is so important that itis worth while to investigate 
it by an alternative method which does not depend upon Taylor’s Theorem. 
Let 

En(a)=1 ++ eh. ae 
and suppose that z>0. Then 


vee, a\ . n(n—1) (x? n(n—1)...1 fa\" 
(142) =14n (2) + 1.2 (=) eet es am eas (7) 


which is less than #, (x). And, provided »>., we have also, by the binomial 
theorem for a negative integral exponent, 


(1-5) “=14n(2) eG =) +...>En (2). 


n i . “-n 
(2 +2) < Eq (@)<(1-2) 
n ny 
But (§ 208) the first and last’ functions tend to the limit e as n-~oo, and 
therefore £,(x) must do the same. From this the equation (1) follows when 


z is positive ; its truth when x is negative follows from the fact that the 
exponential series, as was shown in Ex. Lxxxt. 7, satisfies the functional 


equation f(x) f(y)=f (2+y), so that f(x) f(-.«)=/(0)=1. 
Examples XC. 1. ney that 


- 


Thus 


; wad 
‘cosh “= 1+ cane ce 4 Sinhe=ete, ++ 


2. If x is positive then the greatest term in the exponential series is the 
([z]+1)-th, unless a is an integer, when the preceding term is equal to it. 


3, Show that 2!>(n/e)". [For n/n! is one term in the series for | 


4, Prove that e*=(n"/n !) (2+S8,+S,), where 


S=7 +aenaret Se=(1l—v)+(1 -—v)(1-2v)+..., 


and y=1/n; and deduce that 1! lies between 2 (n/e)" and 2 (n +1) (n/e)". 


5. Employ the exponential series to prove that e* tends to infinity more 
rapidly than any power of w, [Use the inequality e¢>2/n !,] 
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6. Show that ¢ is not a rational number. [If e=p/g, where p and q are 
integers, we must have . 


or, multiplying up by q¢!, / 


‘Dp 1 1 ) 1 1 
~—-]l-1l->-...-—=)=—— + ——s 
e € 2! gi) ~ q+" (+l) G3) * 
and this is absurd, since the left-hand side is integral, and the right-hand 
side less than {1/(¢+1)}}+ {1/(¢+1)}?+...=1/¢.] 


7. Sum the series > P, (n) =, where P,(z) is a polynomial of degree r 
inn. [We can express P,(n) in the form 


Ayt+Ayn+Agn(n—1)+...4+ Ayn (n—-1)...(n-r+1), 


SP, (n) j= 402 (tA, +. ans 
0 


a 
1 (% n=)! + Gy! 
= (Ay + Ayrt Aor? +... 44,27) &.] 
8. Show that 
© 3 © m4 
2 a= (44-32°+28)e%, 3 — a =(0+ 742+ 622 +24) c; 
17! 17! 
and that if S,=15+423+...+73 then 
$ Sa = (40+ 142? + 823 + a4) e*, 
1 . 
In particular the last series is equal to zero when a= —2. (Math. Trip. 1904.) 


9. Prove that 3 (n/n!)=e, =(n?/n !)=2e, 3 (n3/n!)=5e, and that 3 (n*/n!), 
where & is any positive integer, is a positive integral multiple of e. 


a + : 7 = {(2? - 84+) e+ hot 3}/a?. 


[Multiply numerator and denominator by +1, and proceed as in Ex. 7.] 


10. Prove that 5 


11. Determine a, b, ¢ so that {(v+a) e*+(br+c)}/23 tends to a limit as 
bxr+e 


a0, evaluate the limit, and draw the graph of the function e*+ ae 


12. Draw the graphs of 144, 1+7+42?, 1+%+40?+423, and compare 
them with that of ¢*, 


n n 
13. Prove that e-* 1p e +. (= 1 is positive or negative 


according as m is odd or even. Deduce the exponential theorem. 
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i if 
Xo=e", Ay=e*—1, Xg=e*-1—a, X3=e7-1—v—(27/2!), ..., 
then d.X,/dv=X,_,. Hence prove that if ¢>0 then 


t t t t 2 
Xx @=| Apdu<itet, Xo @=| Xyde< | verde | nda 5 Cc; 
0 0 0 0 : 
and generally 1, (t)< - e. Deduce the exponential theorem. 


15. Show that the expansion in powers of p of the positive root of 
x? +P =a? begins with the terms 


a{1—sp logat fp? loga(2+loga)}. (Math. Trip. 1909.) 


213. The logarithmic series. Another very important 
expansion in powers of a is that for log(1+ 2). Since 


« dt 
log(+a)= [7 7S, 


and 1/(1+t)=1—t+#-... ift¢ is numerically less than unity, it is 
natural to expect* that log (1 + ) will be equal, when-1< a<1, 
to the series obtained by integrating each term of the series 
1—t+#-... from t=0 to t=a, 2.e. to the series —4a°+ 3 a-.... 
And this is in fact the case. For 


Wd+)=1-t4e—..4(-prey Gee 
Vast 
and so, if#>-—1, 
Pa 2 = 
log (1 +o)=[ {=0-F4 wet(— 1p +(-1)"Ru, 
& gmt 
where — er: 


We require to show that the limit of #,,, when m tends to o, 
is zero. This is almost obvious when 0< #1; for then R,, is 
positive and less than 

2 x m+1 
| i dt =, 
0 m+1 
and therefore less than 1/(m+1). If on the other hand -1<2<0,. 
we put ¢=— u and «= — &, so that 
F um du 
0 1l—w’ 


Ry = {- L)@ 


* See Appendix II for some further remarks on this subject. 
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which shows that R,, has the sign of (—1)™. Also, since the 
greatest value of 1/(1 — u) in the range of integration is 1/(1 — &), 
we have 


22 eee 1 
0<|Ral< 7g |= GEIS “GeO 


and so R,, > 0. 
Hence log 1 +a)=a—fe2t+1a8—..., 
provided that -l<aSl1. If lies outside these limits the series 
is not convergent. If 2=1 we obtain 
log2=1—$+4+4-..., 
a result already proved otherwise (Ex, LXXXIX. 7). 


914. The series for the inverse tangent. It is easy to 
prove in a similar manner that 


re dt co 
are tan a= [Sa =| (l-#@+8#-...)dt 
Jo 


=7—se' +40) —..., 

provided that -1=a<1. The only difference is that the proof is 
a little simpler; for, since arc tan @ 1s an odd function of a, we need 
only consider positive values of # And the series 1s convergent 
when # =—1as wellas when a=1. We leave the discussion to the 
reader. The value of arctan 2 which is represented by the series 
is of course that which lies between — 4a and $7 when—I sev<l, 
and which we saw in Ch. VII (Ex. Lxir. 3) to be the value 
represented by the integral. If«=1, we obtain the formula 


dr=1l—$tt—.. 


Examples XCI. 1, log (== Jarratt gatt.. if —1 <r<l. 


XL 


oe) ethene ae if -l<r<l. 


9. argtanh e=$ log ( 


3. Prove that if # is positive then 
v oY aye 
log (1 Sees 4 (4) +4 (5) Hees 
(Math. Trip. 1911.) 


4. Obtain the series for log(1+) and are tan 7 by means of Taylor's 
theorem. 
[A difficulty presents itself in the discussion of the remainder in the 
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first series when « is negative, if Lagrange’s form R,=(—1)"~1a"/{n (1+ 6x)" 
is used; Cauchy’s ey viz. 

Wee (— 1)" 7! Se bx)", 
should be used (cf. the poe ronan discussion for the Binomial Series, 
Ex. Lv. 2 and § 163). 


In the case of the second series we have 
D,fPare tan ¢= D-! {1/11 +.22)} 
=(- 1Y-n- 1)! (2? +1)—"? sin {n are tan (1/x)} 
(Ex. xLv. 11), and there is no difficulty about the remainder, which is obviously 
not greater in absolute value than 1/n.*] 


5. If y>0 then 
es i Yee ied 1 
log y=2 nabs 3 (a) +5(55 eea 


ae : Yy- i! : : 
[Use the identity y= & nea 7) / (Q Tel i) . This series may be used to 


calculate log 2, a purpose for which the series 1-4+4-—..., owing to the 
slowness of its convergence, is practically useless, Put y=2 and find log 2 
to 3 places of decimals. | 
6. Find log 10 to 3 places of decimals from the formula 
log 10=3 log 2+ log (1+4). 


7. Prove that 


vt 1 } ] 
log (7) a2 {nar + 3 (2241) + 5(Qap1p* | 
if «> 0, and that 


2-1)? (#@+2 2 1 2 3 5 
log aries (35 3a 73 = =x) +5 (aa) +4 
if «>2. Given that log 2=°6931471... and log3=1-0986123..., show, by 
putting 2=10 in the second formula, that log 11 =2'397895.... 
(Math. Trip. 1912.) 
8. Show that if log 2, log 5, and log 11 are known, then the formula 
log 13=3 log 11+log 5-9 log 2 
gives log 13 with an error practically equal to :00015. (Math. Trip. 1910.) 
9. Show that 
$ log 2=7a+5b4+3c, slog38=1la+8b+5ce, 4log5=16a+12b+47e, 
where a=arg tanh (1/31), b=arg tanh (1/49), c=arg tanh (1/161). 


[These formulae enable us to find log 2, log3, and log5 rapidly and with 
any degree of accuracy. ] 


* The formula for D," arc tana fails when x=0, as arctan (1/x) is then 
undefined. It is easy to see (cf. Ex. xny. 11) that arc tan(1/x) must then be 
interpreted as meaning $7. 
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10. Show that 
4 =arc tan (1/2)+arc tan (1/3) =4 arc tan (1/5) —arc tan (1/239), 


and calculate to 6 places of decimals. 


11. Show that the expansion of (1+.)!*+* in powers of x begins with the 
terms 142+27+4$.2°, (Math. Trip. 1910.) 


12. Show that 
logye—/{x (c+1)} logo (* +") i. logio é 


a) Ag? ? 


approximately, for large values of x Apply the formula, when r=10, to 
obtain an approximate value of logy) e, and estimate the accuracy of the result. 
(Math. Trip. 1910.) 


1 1 ' 
13. Show that az los (jg) =e HDPE 44D a 


if ~l<w<i. [Use Ex. Lxxxr. 2.] 
14, Using the logarithmic series and the facts that log,)2°3758 = ‘3758099... 


and log, e='4343..., show that an approximate solution of the equation 
%=100 logy) 7 is 237°58121. (Math. Trip. 1910.) 


15. Expand log cos and log (sin x/7) in powers of x as far as x4, and 
verify that, to this order, 
log sin x=log v— jz log cos 4+ $4 log cos $2”. 


(Math. Trip. 1908.) 


oe 2 dt 
16. Show that te fen 


1-}4+4-...={7+2 log (/2+1)}/4,/2. (Math. Trip. 1896.) 
[Proceed as in § 214 and use the result of Ex. xivu. 7.] 


=07—-}05+499-...if -lsS%s1. Deduce that 


17. Prove similarly that 

4-447, -..= ques {ar —2 log (,/2+1)}/4 /2 

s ii ooo ‘ 1 +t! \ i aoe 
18. Prove generally that if a and b are positive integers then 


ee _ Pitentdt 
G Geo GLI. mio lee 


and so that the sum of the series can be found. Calculate in this way the 
sums of 1—3+4-... and $-}+4-.... 


915. The Binomial Series. We have already (§ 163) 
investigated the Binomial Theorem 


vara 1+ (T)e+(3) Pb oe, 
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assuming that —1<a<1 and that m is rational. When m is 
irrational we have 
CL BEE i Lo = git log (+a) 
Dz, (1 + 2)” = {m/(1 + x)} ems ote = m (1 4+ x), 


so that the rule for the differentiation of (1+ 4)" remains the 
same, and the proof of the theorem given in § 168 retains its 
validity. We shall not discuss the question of the convergence 
of the series when #=1 or «=—1,* 


Examples XCII. 1. Prove that if -l<#<1 then 
1 i le oe 1 1 lee 
_—_—OOOOOO SS Sargtsed Rye eee = D 2 —— 2 ae 
aa. 8° ee Sao tee tat 
2. Approximation to quadratic and other surds. Let /J/ be a 
quadratic surd whose numerical value is required. Let WV? be the square 
nearest to Af; and let M=N?+a or M=WN?-—x2, x being positive. Since x 
cannot be greater than WV, x/N? is comparatively small and the surd 
JM=N J/{1+(2/N)} can be expressed in a series 


Life Lalo e 
=" {125 (9) - Fa (ie) #-}, 


which is at any rate fairly rapidly convergent, and may be very rapidly so. 


Thus 
J67=,/(64+3)=8 {l+5 @r a (Gi) +--+} | 


Let'us consider the error committed in taking 8,3, (the value given by 
the first two terms) as an approximate value. After the second term the 
terms alternate in sign and decrease. Hence the error is one of excess, and 
is less than 3?/64*, which is less than 003. 


3 Ifxis small compared with V? then 
Ones c\iie, ee 
tiv 2 (22+ 2) 
the error being of the order x*/V7. Apply the process to ,/997. 
[Expanding by the binomial theorem, we “a 


pee 
av ave + Tea 


the error being less than the numerical value of the next term, viz. 
544/128". Also 


JN? +2)=V4+—, 


_—_ (2 +—. 7) ie, a zo ve 

2(2N2+2) 4 2N2 4N 8N3° 16N5’ 
the error being less than 24/32N7. The result follows. The same method 
may be applied to surds other than quadratic surds, e.g. to /1031.] 


* See Bromwich, Infinite Series, pp. 150 ct seq.; Hobson, Plane Trigonometry 
(8rd edition), p. 271. 
H, 25° 
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4, If M differs from V3 by less than 1 per cent. of either then %/J// differs 
from ?V+4 (A/V) by less than V/90000. (Math. Trip. 1882.) 


5. If M=N*4+.2, and x is small compared with J, then a good approxi- 


mation for J/ Jf is 


51 5 M 27 Na 
56 +56 wat Ta@artoN: 


Show that when V=10, x=1, this approximation is accurate to 16 places 
of decimals. (Math. Trip. 1886.) 


6. Show how to sum the series 
> PAW @ Eh 
0 ud 
where P, (7) isa polynomial of degree 7 in x. 
[Express P, (2) in the form 49+ 412+ 4on (n—1)+... as in Ex. xc. 7.] 


. 2 /m ©, /m 
7. Sum the series 7 « Cia Pe & az” and prove that 
0 0 


523 (") a= {m3 234m (8m — 1) a? +mx} (1 +.ry"—3, 
0 / 


216. An alternative method of development of the theory of the 
exponential and logarithmic functions. We shall now give an outline of 
a method of investigation of the properties of e* and log w entirely different 
in logical order from that followed in the preceding pages. This method 


2 
starts from the exponential series 1 +0+5+ .... We know that this series 


is convergent for all values of z, and we may therefore define the function 
exp z by the equation 


AO 
expt=ltat+st.. er ee (1). 
We then prove, as in Ex. Lxxx1. 7, that 
CXD UX OR 7 SEXP (LAY) Scasceseenteaes eee eras (2). 
: exph-1 hi 
Again i Eon tant a SERIO) 


where p (#) is numerically less than 
[BAI+{RAPR+[SA[4...<] 54] 44), 

so that p() >0ash>0O. And so . 
exp eee exp See (ee *) 


as h 0, or 
Dy CSD DOR LD ans isssin isan tsecnmiansavenceee (3). 


Incidentally we have proved that exp x 1s a continuous function. 


We have now a choice of procedure. Writing y=exps and observing 


that expO=1, we have 
dy _, t= vdt 
da = 1 2 : 
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and, if we define the logarithmic function as the function inverse to the 
exponential function, we are brought back to the point of view adopted earlier 
in this chapter. 


But we may proceed differently. From (2) it follows that if 2 is a positive 
integer then 
(exp 7)"=exp nz, (exp 1)"=exp x. 


If x is a positive rational fraction m/n, then 
{exp (m/n)}"=exp m=(exp 1)”, 


and so exp (i/n) is equal to the positive value of (exp1)"/". This result may 
be extended to negative rational values of « by means of the equation 


exp.vexp (—27)=1; 
and so we have 
exp #=(exp 1)*=e", 


say, where exespl=ltltgitajt... 


for all rational values of v7. Finally we define e*, when v is irrational, as 
being equal to exp. The logarithm is then defined as the function inverse 
to exp x or e*. 


Example. Develop the theory of the binomial series 


m 
1 @ a+ ‘ +..=f(m, 2), 
where —1 <a <1, in a similar manner, starting from the equation 


ST (m, 2) f(a, 2)=f (m+m’' x) 
b 244 


(EX. LXXXI. 6). 


MISCELLANEOUS EXAMPLES ON CHAPTER IX*. 


1. Given that log,) e=°4343 and that 2° and 3?! are nearly equal to powers 
of 10, calculate logy)2 and log,3 to four places of decimals. 
(Math. Trip. 1905.) 


2. Determine which of ($ ae and (4/ 2) is thegreater. [Take logarithms 
and observe that ./3/(./3 +47) <2 ./3 < 6929 < log 2. ] 


3. Show that log;)2 cannot be a rational number if n is any positive 
integer not a power of 10. [If n is not divisible by 10, and log,y»n=p/q, we 
have 10?=2%, which is impossible, since 10” ends with 0 and x? does not. 
If »=10*N, where J is not divisible by 10, then log,,¥ and therefore 

logip2=at+log,) V 
cannot be rational. ] 


* A considerable number of these examples are taken from Bromwich’s Injinite Series. 
25—2 
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4, For what values of « are the functions log x, log log x, log log log 2, ... 
(a) equal to 0 (6) equal to 1 (c) not defined? Consider also the same question 
for the functions lz, llz, lllx, ..., where lv=log | x |. 

5. Show that 

log #— (4) log (v+1)+ (3) log (7+2)—...+(—1)" log (47+) 
is negative and increases steadily towards 0 as x increases from 0 towards o. 
[The derivative of the function is 


sh mr 1 n! 
ails (@rerterrcs, van (ON)? 
as is easily seen by splitting up the right-hand side into partial fractions. 
This expression is positive, and the function itself tends to zero as v> a, 
since 
log (a+r)=log t+ <x, 


where e,; > 0, and 1— ( + () —w..=0.] 
6. Prove that | 
a\ loge (=1)pw! . i 1 
(s;) “ae os (tog 2-1-5 -...-7) 5 
(Math. Trip. 1909.) 
7. Ife>—1 then a?>(1+42) {log (1+2)}*. (Math. Trip. 1906.) 
{Put 1 +a=e, and use the fact that sinh > when €>0.] 


8, Show that {log (1+4.2x)}/# and «/{(1+.2) log (1+.2)} both decrease steadily 
as x increases from 0 towards o. 


9, Show that, as x increases from —1 towards ©, the function 
(1+x)-1* assumes once and only once every value between 0 and 1. 


(Math. Trip. 1910.) 


iL Hf 1 
10. Show that Tog (1-2) ~ re => 3 as > 0. 


ae decreases steadily from 1 to 0 as # increases 
log(l+2) 2& 


from —1 towards o. [The function is undefined when x=0, but if we 
attribute to it the value } when z=0 it becomes continuous forv=0. Use 
Ex. 7 to show that the derivative is negative. | 


12. Show that the function (log —log x)/(E—2), where & is positive, 
decreases steadily as x increases from 0 to é, and find its limit as v-—> &. 


11. Show that 


13. Show that e* > Mx’, where M and W are large positive numbers, f 
zx is greater than the greater of 2 log Mf and 16.7”. 
[It is easy to prove that log r<2 Ja; aud so the inequality given is 


certainly satisfied if 
a>log M+2N Jz, 


and therefore certainly satisfied if 42> log M, u>2N /2.] 
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14. If f(w) and (x) tend to infinity as x», and f'(x)/¢'(v)> x, 
then f(#)/p (x). [Use the result of Ch. VI, Misc. Ex. 33.] By taking 
J (2)=2", $ (a) =log x, prove that (log v)/z*->-0 for all positive values of a. 


15. Ifp and q are positive integers then 
1 1 qg 
pelt gaat ga > ¥8(f) 

agn->oo. [Cf Ex. Lxxviit. 6.] 

16. Prove that if # is positive then n log {$(1+2'*)}->—4 log a as 
n-»-o. [We have 

nlog {g(1+2'™)}=nlog 1-4(1-2'")} =hn (1-21) 

where u=$ (1-21). Now use § 209 and Ex, uxxxut. 4.] 


log (1- x) 
U 


17. Prove that if a and b are positive then 
13 (a + bY)» > /(ab). 
[Take logarithms and use Ex. 16,] 
18. Show that 


Uwe | 


cae eae oe 
Bk 2n—1 


where y is Euler’s constant (Ex. LXxx1x. 1) and e,->0asn>o. 


=$logn+log2+hy+en, 


19. Show that 
L+h-$4+444-24)+...=8 log, 
the series being formed from the series 1~4+4 -... by taking alternately two 
positive terms and then one negative. [The sum of the first 32 terms is 


jeeeees nen. 20 ieee 1 
ae age gl Pot Ty 


=} log 2n +log2+hy+en—$ (logn+y+en’), 
where en and en’ tend toO asn--o. (Cf. Ex. uxxviull. 6).] 
20. Show that 1~$-—$+4-3-343-j,-...=$log 2, 
21. Prove that 


FOR = —34+3 33941 —2n—Sp 
1 1 1 
where S,=1 t5t... +e, si sins ae +4 . Hence prove that the sum 
of the series when continued to infinity is 
—3+3 log 342 log 2. (Math. Trip, 1905.) 
22. Show that 
1 be! 1 


4 n (4n2 — Ca ies a =n Qn—1)~ 3 3 (log 3 - 109 
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23. Prove that the sums of the four series 


to) ] an — ye (r) 1 0 (=1)8-? 
a a 
2 1? * G1? *QnaiP—1’ * Gntiy-1 


are 4, 427-34, 4, 4 log 2 -} respectively. 
24, Prove that 2! (a/n)* tends to 0 or to 0 according asa<e or a>e. 


[If v,=n!(a/n)* then %4;/u,=a{1+(1/n)}-"*->a/e. It can be shown 
that the function tends to © when a=e: for a proof, which is rather beyond 
the scope of the theorems of this chapter, see Bromwich’s Jnjinite Series, 
pp. 461 et seq.] 

25. Find the limit as z>o of 

(wtget teeny 
by tbya4+... 46,2" : 
distinguishing the different cases which may arise. (Math. Trip. 1886.) 
26. Prove that 
= log (1 +2) (7 > 0) 
diverges to o. [Compare with 3 (z/n).] Deduce that if x 1s positive then 
(1+.2)(2+.2)...(n+x)/n!—> 0 
n 
asn-» co. [The logarithm of the function is = log (+2) 
: i 


27, Prove that if « >—1 then 
2 ie ae ee 
(e+1)2 (w+1)(@4+2) © (+1) (@+2) (4+8) 


+ Gl) +2) @+3)@4+4)* 
(Math. Trip. 1908.) 


[The difference between 1/(#+1)? and the sum of the first n terms of the 


series 1s 


1 n! ] 
(+1)? (v@+2)(v+3)...(e@+n+1) ~, 


28. No equation of the type 
Ae™ + Be®* +... =0, 


where A, B, ... are polynomials and a, §, ... different real numbers, can hold 
for all values of x. [If ais the algebraically greatest of a, 8, ..., then the term 


Ae* outweighs all the rest as 7-> o.] 
29. Show that the sequence 
a,=@, Ag=e, ag=e, S 
tends to infinity more rapidly than any member of the exponential scale. 


[Let e, (#) =e, eg (%) =e, and so on. Then, if ¢ (7) is any member of the 
exponential scale, a, > ¢,(”) when 2 > &.] 


OF A REAL VARIABLE 391 


30. Prove that 
FO OWS w+, (200) 


where a is to be put equal to (x) and B to p(x) after differentiation. 
Establish a similar rule for the differentiation of  (wyh¥ 5 ey 

31. Prove that if D,"e~”=e-* dn (x) then (i) @n(x) is a polynomial of 
degree n, (ii) @n41= —27bn+¢n, and (iii) all the roots of dxz=0 are real and 
distinct, and separated by those of ¢,.,;=0. [To prove (iii) assume the truth 


of the result for »=1, 2, ... x, and consider the signs of ¢, 4, for the 7 values 


of x for which $, =0 and for large (positive or negative) values of 2. ] 


32. The general solution of f(ay)=f (x) f(y), where f is a differentiable 
function, is 2%, where a is a constant: and that of 


Sety) th (e—y)=2f(@)FY) 
is cosh ax or cos ax, according as f” (0) is positive or negative. [In proving 
the second result assume that f has derivatives of the first three orders. 
Then 
Of (x) +y?{f" (x) +ey3=2f (x) (FO) +uf' (0) +3y? fF" (0) +ey}], 
where e, and e,' tend to zero with y. It follows that f(0)=1, /’(0)=0, 
Ff" («)=f" (0) f («), so that a=J/{f" (0)} or a= /{-f” (0)}.] 


33. How do the functions #" V2), ,,Sin*(I/z) | cosee(/@) bohave as x» +02 


tan x 


34. Trace the curves y= tan re y=sin «log tan $x. 


35. The equation e*=ax+6 has one real root if a<0ora=0,b>0. If 
a>0O then it has two real roots or none, according as aloga >b—a or 
a loga<b-a. 


36. Show by graphical considerations that the equation e*=az?+2br+ce 
has one, two, or three real roots if a > 0, none, one, or two if a<0; and show 
how to distinguish between the different cases. 


1, /e#-V 
37. Trace the curve y= 7, log ( - 


) showing that the point (0, 3) is 


a centre of symmetry, and that as 2 increases through all real values, ¥ 
steadily increases from 0 to 1. Deduce that the equation 


Sie ges) 
Gg owe fo 


has no real root unless 0<a<1, and then one, whose sign is the same as 
that of a—4%. [In the first place 


tae {tog (=) — log wi = * log (=) 


is clearly an odd function of x Also 


dij 1 (p. 7 sinh 44 
a 2 coth }e—1—log( Te Df ; 
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The function inside the large bracket tends to zero as x>0O; and its 


derivative is 
il {1- tz \? 
tac sinh th $a iz 


which has the sign of x Hence dy/dx>0 for all values of x] 
38. Trace the curve y =e!” /(a?+2x), and show that the equation 
eW® 1(g24+2n) =a 


has no real roots if ais negative, one negative root if 0<aca=el/V¥2,/ (2+2,/2), 
and two positive roots and one negative if a> a. 


39. Show that the equation f, (7)= lta+5 es. +2 =0 has one real 
root if n is odd and none if 7 is even. 


[Assume this proved for n=1, 2, ... 24. Then for41(v)=0 has at least 
one real root, since its degree is odd, and it cannot have more since, if it 
had, f’o. +1(2) or fox(#) would have to vanish once at least. Hence fo, ,1(7)=0 
has just one root, and so fyz42(#)=0 cannot have more than two. If it has 
two, say a and 8, then f’o, 42 (2) or for+1(%) must vanish once at least between 
a and B, say at y. And 


Farse(y)= far) + seran > 


But fy.42(v) is also positive when 2 is large (positively or negatively), and 
a glance at a figure will show that these results are contradictory. Hence 
fora (v)=0 has no real roots.] 


40. Prove that if a and b are positive and nearly equal then 


log ¢ = 5 (a- » (C+ 5) 


approximately, the error being about 3 {(a—6)/a}°. [Use the logarithmic 
series. This formula is interesting historically as having been employed by 
Napier for the numerical calculation of logarithms. ] 


41. Prove by multiplication of series that if -1< ocd then 
§ flog (1+2)}*—ha?—3 (144) 0844 (14$-+4) at 
3 (arc tan #)?=$42?-}(1+4)24+$(14+344) o- 
42. Prove that 
(Ltax)V? =e" {1 —da2v +s) (84-8) a2? (1+<,)}; 
where ¢,,-> 0 with 2. 
43. The first »+2 terms in the expansion of log (1 $045, +...4 =) i in 
powers of # are 
n+l 2 n 
oS Ge Tata) targa tO aT 
(Math. Trip. 1899.) 
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44, Show that the expansion of 


in powers of x begins with the terms 


feeq 5 Re  . eaperpeacon 
ee (Ee Cee (Math. Trip. .) 


45. Show that if -l<xr<1 then 


1 = a f ae 

= ye ee OB Z2 32 = 

i 1.4 4.7 Poco 
gi = Oba 3 3 A taal A 
a Sr6 3” +5 eee = oma eae 


[Use the method of Ex. xcir. 6. The results are more easily obtained by 
differentiation ; but the problem of the differentiation of an infinite series is 
beyond our range. | 


<0 ax a 
46. Prove that | 9 (2@+a)(a+b) =p (5): 


I eer ice ceoeie 
= Gum {* log (f)-a+3}, 
dx 


I ra FEB ~ Eye [bre Pl0e(F)h 


a ee {, b+alog (5 | 
o (a+a)(e+B) a+ br eas? 
Deduce, and verify independently, that 


xradx 


I, (~+a) (2+)? 


provided that a and 6 are positive. 
each of the functions 


a—-1—loga, aloga—a+l, $ra—loga, 4r+aloga 
is positive for all positive values of a. 
47, Prove that if a, 8, y are all positive, and 62> ay, then 
ee eno. 
9 ae+2Ba+y S(S-ay) ° | Vay) 
while if a is positive and ay>? the value of the integral is 
1 V(ay- Aye), 
—+——-—— x are tan 
V(ay-8") f B 
that value of the inverse tangent being chosen which lies between O and x. 
Are there any other really different cases in which the integral is convergent} 


48. Prove that ifa>-—1 then 


= dx 
Ih (2+ a),/(a? -1) 


-{- =2[" _ du, 
0 sae" 1 @+2au+1’ 
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and deduce that the value of the integral is 


caeaion, arc tan we 
J/(1 - a?) l+a 
if —l1<a<], and 


1 Ja+l)+V(a-1l)_ 2 /a-1 
Ye) 8 ves=vG-)) Jeep es A (ay 


ifa@>1. Discuss the case in which a=1. 


; me ax : 
49. Transform the integral | . GPa) where a>0, in the same 
ways, showing that its value is 


1 G+i+ (atl) - 2 J(a?+1) 
fem) sla sae aes 


1 
50. Prove that | arc tan cdz=jn — 4 log 2. 
0 


51. IfO0<a<l, 0<S<1, then 


I ie ace oe ome 2 ed ae ae) 
1 V{( — 20a $a) (1 — 282 +B} J(aB) °8 1 /(ap)" 


52. Prove that if a>b>0 then 


es ae See ee, 
_.4@ cosh 6+bsinhé~ /(a?- 6?) 
53. Prove that 
Mgt e.. oe lesa * loge 
erste a Ta I eas 
and deduce that if a>0 then 


ml 
og x v 
8" da == loga. 
9 +2 2a 


[Use the substitutions #=1/t and 7=aw.] 


‘ 


i) 2 7 
54. Prove that i log (2 +5) dx=naifa>0. [Integrate by parts.] 
0 


CHAPTER X 


THE GENERAL THEORY OF THE LOGARITHMIC, EXPONENTIAL, 
AND CIRCULAR FUNCTIONS . 


217. Functions of a complex variable. In Ch. III we 

defined the complex variable 
z=at+ry*, 

and we considered a few simple properties of some classes of 
expressions involving z, such as the polynomial P(z). It is 
natural to describe such expressions as functions of z, and in 
fact we did describe the quotient P (z)/Q(z), where P(z) and Q(z) 
are polynomials, as a ‘rational function’. We have however given 
no general definition of what is meant by a function of z. 


It might seem natural to define a function of z in the same 
way as that in which we defined a function of the real variable 
x, we. to say that Z is a function of z if any relation subsists 
between z and Zin virtue of which a value or values of Z corre- 
sponds to some or all values of z. But it will be found, on closer 
examination, that this definition is not one from which any profit 
can be derived. For if z is given, so are # and y, and conversely : 
to assign a value of z is precisely the same thing as to assign a 
pair of values of # and y. Thus a ‘function of 2’, according to 
the definition suggested, is precisely the same thing as a complex 
Junction 

Ff (@ y) +19 (@, Y), 
of the two real variables x and y. For example 
a—ty, xy, |2|=/A(a?+y"), am z=arc tan (y/z) 
are ‘functions of 2’. The definition, although perfectly legitimate, 


* In this chapter we shall generally find it. convenient to write x+iy rather 
than x+y. 
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is futile because it does not really define a new idea at all. It is 
therefore more convenient to use the expression ‘function of the 
complex variable z’ in a more restricted sense, or in other words 
to pick out, from the general class of complex functions of the 
_ two real variables « and y, a special class to which the expression 
‘ shall be restricted. But if we were to attempt to explain how 
“this selection is made, and what are the characteristic properties 
of the special class of functions selected, we should be led far 
beyond the limits of this book. We shall therefore not attempt 
to give any general definitions, but shall confine ourselves entirely 
to special functions defined directly. 


218. We have already defined polynomials in z (§ 39), 
rational functions of z (§ 46), and roots of z (§ 47). There is 
no difficulty in extending to the complex variable the definitions 
of algebraical functions, explicit and implicit, which we gave 
(§§ 26—27) in the case of the real variable w In all these cases 
we shall call the complex number z, the argument (§ 44) of the 
point z, the argument of the function f (z) under consideration. 
The question which will occupy us in this chapter is that of defining 
and determining the principal properties of the logarithmic, ex- 
ponential, and trigonometrical or circular functions of z. These 
functions are of course so far defined for real values of z only, the 
logarithm indeed for positive values only. 


We shall begin with the logarithmic function. It is natural 
to attempt to define it by means of some extension of the definition 


loge= | (@>0); 
/1 


and in order to do this we shall find it necessary to consider 
briefly some extensions of the notion of an integral. | 


e 


219. Real and complex curvilinear integrals. Let AB 
be an are C of a curve defined by the equations 


c=(t) y=), 
where @ and ¥ are functions of ¢ with continuous differential 
coefficients @ and wW’; and suppose that, as ¢ varies from Z to ¢,, 
the point (a, ”) moves along the curve, in the same direction, from 
mArtore. 
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Then we define the curvilinear integral 


[. 10 COMPLE TG, UYAY) oss. cccaseieveces (i), 


where g and h are continuous functions of x and y, as being equi- 
valent to the ordinary integral obtained by effecting the formal 
substitutions «= ¢ (t), y= (0), ue. to 


ty 
[oGwetigwryiae 
We call C the path of integration. 


Let us suppose now that 
z=x2+iy=¢ (t)+iv (6), 
so that z describes the curve C in Argand’s diagram as ¢ varies. 
Further let us suppose that 


fe@=ut+w 
is a polynomial in z or rational function of z. 


Then we define 


| P LLC Re. ener ee (2) 


as meaning 
| (u + iv) (de +2dy), 
JI@ 


which is itself defined as meaning 


ip Gade — vee) + if Cnipsaaeny 


220. The definition of Log ¢ Now let €=£&+ 1» be any 
complex number. We define Log ¢, the general logarithm of €, 
by the equation 


i dz 
Hetin &4oo Logt=|_ 


where C is a curve which starts from 1 and ends at € and does 
not pass through the origin. Thus (Fig. 54) the paths (a), (0), (c) 
are paths such as are contemplated in the definition. The value 
of Log z is thus defined when the particular path of integration 
has been chosen. But at present it is not clear how far the value 
of Log z resulting from the definition depends upon what path is 
chosen. Suppose for example that § is real and positive, say 
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equal to & Then one possible path of integration is the straight 
line from 1 to a path which we may suppose to be defined by 


Fig. 54. 


the equations e=¢,y=90. In this case, and with this particular 
choice of the path of integration, we have 


5 lt 
Log &=| me 
1 


so that Log & is equal to log &, the logarithm of & according to the 
definition given in the last chapter. Thus one_value at any rate 
of Log & when & is real and positive, is log &. But in this case, as 
in the general case, the path of integration can be chosen in an 
\\infinite variety of different ways. There is nothing to show that 
‘every value of Log & is equal to log &; and in point of fact we 
shall see that this is not the case. This is why we have adopted 
the notation Log ¢, Log & instead of log & log & Log & is (possibly 
at any rate) a many valued function, and log € is only one of its 
values. And in the general case, so far as we can see at present, 
three alternatives are equally possible, viz. that 
(1) we may always get the same value of Log ¢, by whatever 
path we go from 1 to ¢; 
(2) we may get a different value corresponding to every 
different path ; 
(8) we may get a number of different values each of which 
corresponds to a whole class of paths: 


and the truth or falsehood of any one of these alternatives is in 
no way implied by our definition. 
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221. The values of Log ¢ Let us suppose that the polar 

coordinates of the point z= € are p and 4q, so that 
F=p(cosp+z7sin ¢). 

We suppose for the present that — 7 < <7, while p may have 
any positive value. Thus § may have any value other than zero 
or a real negative value. 

The coordinates (z, y) of any point on the path C are functions 
of t, and so also are its polar coordinates (r, 8). Also 


dx +d 
Log t= == ey 
og f= fe gg TT, 
2 th ia. dy 
7 erie i) ae 
in virtue of the definitions of §219. But «=rcos @, y=rsin @, and 
da  sdy di dé ae dé 
a a (cos 05 — sin OS) +4 i (sin 8 apo cos OF 
. Oe 
= (cos 8 + isin) (F + ir a) 
so that 
hidr 4 dé 
Log €= ne Fae | Seale), 


where [log v] denotes the ee between the values of log r at 
the points corresponding to ¢=¢, and ¢=1¢,, and [@] has a similar 
meaning. 
It is clear that 
[log r] = log p — log 1 = log p; 

but the value of [6] requires a little more consideration. Let us 
suppose first that the path of integration is the straight line from 
1 to & The initial value of @ is the amplitude of 1, or rather 
one of the amplitudes of 1, viz. 
2k, where k is any integer. Let 
us suppose that initially @ = 2k7. 
It is evident from the figure that 
6 increases from 2k to 2km + > 
as t moves along the line. Thus 


[0] = (2k + $) — 2ha = ¢, 
and, when the path of integration Fig. 55. 
is a straight line, Log [= log p + 1. 
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We shall call this particular value of Log the principal 
value. When ¢ is real and positive, =p and ¢=0, so that the 
principal value of Log ¢ is the ordinary logarithm log & Hence it 
will be convenient in general to denote the principal value of 
Log ¢ by log ‘Thus 

log ¢= log p + 19, 
and the principal value is characterised by the fact that its 
imaginary part hes between —7 and 7. 

Next let us consider any path (such as those shown in Fig. 56) 
such that the area or areas included Y 
between the path and the straight 
line from 1 to € does not include 
the origin. It is easy to see that 
[A] is still equal tog. Along the 
curve shown in the figure by a 
continuous line, for example, 6, 
initially equal to 2é7, first de- 
creases to the value 

Qhar — X OP Fig. 56. 
and then increases again, being equal to 2h7 at Q, and finally 
to 2kr-+. The dotted curve shows a similar but slightly more 
complicated case in which the straight line and the curve bound 
two areas, neither of which includes the origin. Thus cf the path 


of integration is such that the closed curve formed by wt and the 


line frum 1 to € does not include the origin, then 
Log ¢= log = log p + tg. 
On the other hand it is easy 
to construct paths of integration 
such that [6] 1s not equal to ¢. 
Consider, for example, the curve 
indicated by a continuous line in 
Fig. 57. If @ is initially equal 
to 2k, it will have increased 
by 27 when we get to P and 
by 4a when we get to Q; and its 
final value will be 2hka + 4a + ¢, 
so that [0] = 47 + @ and Fig. 57. 
Log €= log p+7(4m + ¢). 
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In this case the path of integration winds twice round the 
origin in the positive sense. If we had taken a path winding 
k& times round the origin we should have found, in a precisely 
similar way, that [0] = 2k7 + ¢ and 

Log [= log p +1 (2k + ). 
Here k is positive. By making the path wind round the origin 
in the opposite direction (as shown in the dotted path in Fig. 57), 
we obtain a similar series of values in which & is negative. 
Since | £|=p, and the different angles 2kr +4 are the different 
values of am & we conclude that every value of log| €|+7am €is 
a value of Log; and it is clear from the preceding discussion 
that every value of Log ¢ must be of this form. 


We may summarise our conclusions as follows: the general 
value of Log € 1s 
log | €|+¢am €=log p+7(2kr + 9), 


where k is any positive or negative integer. The value of k is 
determined by the path of integration chosen. If this path is a 
straight line then k = 0 and 


Log ¢ = log € = log p+i¢. 

In what precedes we have used € to denote the argument of 
the function Log €, and (&, 7) or (p, ¢) to denote the coordinates of 
¢; and z, (a, y), (7, @) to denote an arbitrary point on the path of 
integration and its coordinates. There is however no reason now 
why we should not revert to the natural notation in which z is used 


as the argument of the function Log z, and we shall do this in 
the following examples. 


Examples XCIII. 1. We supposed above that —1r7<O@<zm, and so 
excluded the case in which z is veal and negative. In this case the straight 
line from 1 to z passes through 0, and is therefore not admissible as a path of 
integration. Both m and —7 are values of amz, and 6 is equal to one or 
other of them: also r=—z, The values of Logz are still the values of 
log|z|+7¢am z, viz. 

log (—z)+(24+1) mi, 
where & is an integer. The values log (—z)+ 7 and log ( — z) — 77 correspond 
to paths from 1 to z lying respectively entirely above and entirely below the 
real axis. Hither of them may be taken as the principal value of Logz, as 
convenience dictates. We shall choose the value log(—z)+ 7 corresponding 
to the first path. 


3 26 
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2. The real and imaginary parts of any value of Logz are both continuous 
functions of x and y, except for x=0, y=0. 


3. The functional equation satisfied by Logz. The function Logz 
satisfies the equation 
Liogi2; 2, oe 2; 4hoge, ..ctlcascccesceew crew ons: (1); 


in the sense that every value of either side of this equation is one of the values 
of the other side. This follows at once by putting 


21=7; (CoS 6; +7 Sin 61), 22=72 (COS 62+7 Sin 64), 
and applying the formula of p. 401. It is however not true that 
Loe 2) 25 — OR Zit OS eva suuatacencssaueuentneadae (2) 
in all circumstances. If, e.g., 
2,=2,=4 (—1+72,/3)=cos 34 +7 sin 27, 
then log z;=log 2,=277, and log z,+log z,=477, which is one of the values of 
Log 422, but not the principal value. In fact log 2,2, — $7. 


An equation such as (1), in which every value of either side is a value 
of the other, we shall call a complete equation, or an equation which is 
completely true. 


4, The equation Logz"=mLogz, where m is an integer, is not completely 
true: every value of the right-hand side is a value of the left-hand side, but 
the converse is not true. 


5. The equation Log (1/z)= —Logz is completely true. It is also true 
that log (1/z)= —logz, except when z is real and negative. 


6. The equation 
log (=) = log (z—a) — log (z—6) 


is true if z lies outside the region bounded by the line joining the points z=a, 
z=b, and lines through these points parallel to OX and extending to infinity 
in the negative direction. ms 


log C=) =log (1 - “) —log (1 -2) 


is true if z lies outside the triangle formed by the three points 0, a, 6. 


7. The equation 


8. Draw the graph of the function I (Log x) of the real variable x. [The 
graph consists of the positive halves of the lines y=2km and the negative 
halves of the lines y=(24 +1) 7.] 


9. The function f(z) of the real variable w, defined by 


uf (x)=pm +(q-p) I (log «), 
is equal to p when w is positive and to g when w is negative. 
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10. The function f (x) defined by . 
nf (x)=pr +(q—p)I {log (x —1)} +(r—g) I (log x) 
is equal to p when v>1, to g when 0<wx<]l, and to r when x<0. 
11. For what values of z is (i) logz (ii) any value of Logz (a) real or 
(6) purely imaginary ? 
12. Ifz=x+7y then Log Log z=log R47 (0+2k'm), where 
R? = (log r)? + (042k)? 
and 9 is the least positive angle determined by the equations 
cos@:sin@:1::logr:6+2km :/{(log 7)? + (0+ 2kr)*}. 
Plot roughly the doubly infinite set of values of Log Log (1+7,/3), indicating 
which of them are values of log Log (1+7,/3) and which of Log log (1 +7,/3). 

9222. The exponential function. In Ch. IX we defined 
a function eY of the real variable y as the inverse of the function 
y=loga#. Itis naturally suggested that we should define a function 
of the complex variable z which is the inverse of the function 
Log z. 

DerFinition. If any value of Log z ts equal to & we call z the 
exponential of ¢ and write 

2=exp. 

Thus z=expCif £=Logz. It is certain that to any given 
value of z correspond infinitely many different values of ¢ It 
would not be unnatural to suppose that, conversely, to any given 
value of £ correspond infinitely many values of z, or in other words 
that exp ¢ is an infinitely many-valued function of & This is 
however not the case, as is proved by the following theorem. 


THEOREM. The exponential function exp s a one-valued 
function of €. | 

For suppose that 

2,=1,(cos 0, +7sin 6,), 2.=7 (cos 8, +7s1n 8) 
are both values of exp ¢ Then 
¢= Log 2, = Log a, 
and so log 7, +7(0, + 2m) = log 7, +1 (A, + 2nz), 
where mand n are integers. This involves 
logr,=log 7, @,+ 2mm = @, + 2nm7. 

Thus 7,=72, and 6, and 6, differ by a multiple of 27. Hence 


ay = aq 
26—2 
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CoroLuary. If fis real then exp =e, the real exponential 
function of € defined in Ch. IX. 


For if z= then logz= &, we. one of the values of Log is ¢. 
Hence z = exp ¢, 


223, The value ofexp’ Let ¢=£&+77and 
z2=exp [=r (cos@+7sin 8), 
Then E +i = Log z= logr+7(6+ 2mm), 
where m is an integer. Hence & =log7, n= 6 + 2mzm, or 
r=e, O=n—2m7; . 
and accordingly 
exp (+ 7%) =e§ (cos n +7 sin 7). 
If »=0 then exp =e, as we have already inferred in § 222. 


It is clear that both the real and the imaginary parts of exp (E +7n) 
are continuous functions of € and y for all values of £ and 7. 


224. The functional equation satisfied by exp & Let 
Oa=& F im, f= E,+%,. Then 


exp & x exp & =e (cos , +7 sin ,) x e& (cos 7. + 7sin Ne) 
= et {cos (m + m2) +4 sin (m + 72)} 


= exp (% + &). 
The exponential function therefore satisfies the functional relation 


SF (G+ &) =f (6) f (&), an equation which we have proved already 
(§ 205) to be true for real values of & and ¢,. 


225. The general power a‘. It might seem natural, as 
exp =e when €is real, to adopt the same notation when Cis 
complex and to drop the notation exp ¢ altogether. We shall not 
follow this course because we shall have to give a more general 
definition of the meaning of the symbol e$: we shall find then 
that e$ represents a function with infinitely many values of which 
exp ¢ is only one. 


We have already defined the meaning of the symbol afin a 
considerable variety of cases. It is defined in elementary Algebra 
in the case in which a is real and positive and € rational, or a real 
and negative and {a rational fraction whose denominator is odd. 
According to the definitions there given a has at most two values. 
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In Ch. IJI we extended our definitions to cover the case in which 
a is any real or complex number and ¢ any rational number p/q; 
and in Ch. IX we gave a new definition, expressed by the equation 


csiesies 954 

which applies whenever € is real and @ real and positive. 

Thus we have, in one way or another, attached a meaning to 
such expressions as 

30, (-1)%, (VB+4)", BE); 
but we have as yet given no definitions which: enable us to attach 
any meaning to such expressions as 
(1+2)¥?, -2', (3 + 22), 

We shall now give a general definition of a’ which applies to all 


values of a and &, real or complex, with the one limitation that 
a must not be equal to zero. 

DeFrnition. The function a is defined by the equation 

| as = exp (€ Log a) 
where Log a ts any value of the logarithm of a. 

We must first satisfy ourselves that this definition is consistent 
with the previous definitions and includes them all as particular 
cases. 

(1) If a is positive and ¢ real, then one value of ¢ Loga, viz. 
flog a, is real: and exp (Clog a)=e'®*%, which agrees with the 
definition adopted in Ch. IX. The definition of Ch. IX is, as 


we saw then, consistent with the definition given in elementary 
Algebra ; and so our new definition is so too. 


(2) Ifa=e"(cosy+zsiny), then 
Log a =7T+1( + 2mz), 


exp {(p/q) Log a} = e?"/7 Cis {(p/q) (% + 2mm)}, 


where m may have any integral value. It is easy to see that if m 
assumes all possible integral values then this expression assumes q 
and only q different values, which are precisely the values of a?/2 
found in § 48. Hence our new definition is also consistent with 
that of Ch. III. 
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226. The general value of a’. Let 
C=E+um, a=a(cosh+isin wb) 
where —7< Wm, so that, in the notation of § 225, c=e" or 
T= loge. 
Then 
€ Log a = (E+ 1m) {logo +7 (ph + 2mr)} = L + id, 
where 
L=éloga—n(W+2mr), M=nlogao+t+ &(h+2mm); 
and aS= exp (€ Log a) = e# (cos M+isin I). 
Thus the general value of as is 
eflos o—niv+2mm) [eos {n log o + & (ap + 2m)} 
+isin {n log o+ & (Ap + 2mr)}]. 
In general a‘ is an infinitely many-valued function. For 
| as | = ef 108 o—n (y+2mn) 


has a different value for every value of m, unless7 =0. If on the 
other hand 7 = 0, then the moduli of all the different values of a‘ 
are the same. But any two values differ unless their amplitudes 
are the same or differ by a multiple of 27. This requires that 
E (ar + 2m) and & (yw + 2n7r), where m and n are different integers, 
shall differ, 1f at all, by a multiple of 27. But if 
E (ab + Amir) — & + 2nr) = 2kr, 

then €=k/(m—n) is rational. We conclude that a’ is infinitely 
many-valued unless Fis real and rational. On the other hand we 
have already seen that, when (1s real and rational, a¢ has but a 
finite number of values. : 

The principal value of a$ =exp (¢ Log a) is obtained by giving Log a its 
principal value, ze. by supposing m=O in the general formula. Thus the 
principal value of a’ is 

ef 0B 7-1 feos (y logo + Ey) +7 sin (yn logo + E)}. 

Two particular cases are of especial interest. If @ is real and positive 
and ¢ real, then c=a, ~=0, £=¢, n=0, and the principal value of a is 
e$108% which is the value defined in the last chapter. If |a|=1 and ¢ is 


real, then o=1, €=¢, n=0, and the principal value of (cosy+7sin ws is 
cos(y+7sin gy. This is a further generalisation of De Moivre’s Theorem 


($§ 45, 49). 
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Examples XCIV. 1. Find all the values of 7. [By definition 
a'=exp (¢ Log 2). 
But t=cos$r+isin$a, Log t=(2k+4)z2, 
where 4 is any integer. Hence 
di exp {—(2k+4) a} =e OFT), 
All the values of 2# are therefore real and positive. ] 

2. Find all the values of (1+7)§, ¢!*4, (14+2)!t# 

3. The values of a’, when plotted in the Argand diagram, are the vertices 
of an equiangular polygon inscribed in an equiangular spiral whose angle is 
independent of a. (Math. Trip. 1899.) 

(If a’ =r (cos +7 sin 6) we have 

paeer iy tame) 6=n logo tE(W+2mzm); 
and all the points lie on the spiral r=o© +?) ¢~ 9/6 

4. The function ¢. If we write e for a in the general formula, so that 

log c=1, y=0, we obtain 
e8 = oF —2™™ foo (n+ 2mm£) +7 sin (7 + QE}. 


The principal value of e$ is e* (cos 7+7sinn), which is equal to exp ¢ (§ 223). 
In particular, if ¢ is real, so that 7=0, we obtain 

es (cos 2mar¢ +72 sin 2mr¢) 
as the general and e® as the principal value, e® denoting here the positive 
value of the exponential defined in Ch. IX. 


5. Show that Log &=(1+2mm2) (+2n71, where m and n are any integers, 
and that in general Log a® has a double infinity of values. 


6. The equation 1 jao= ~$ ig completely true (Ex. XcIII. 3): it is also true 
of the principal values. 


7. The equation a®xb$=(ab)* is completely true but not always true of 
the principal values. 


8. The equation a’ xa’ =a$*$’ is not completely true, but is true of the 
principal values. [Every value of the right-hand side is a value of the left- 


hand side, but the general value of axa’, viz. 
exp {¢ (log a+2mmt)+¢' (log a+2nm1)}, 
is not as a rule a value of at * unless m=n.] 
9, What are the corresponding results as regards the equations 
Log aS =¢ Log a, (a8) =(aS)$= as"? 


10. For what values of ¢ is (a) any value (6) the principal value of es 
(i) real (ii) purely imaginary (iii) of unit modulus ? 
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11. The necessary and sufficient conditions that all the values of a$ should 
be real are that 2£ and {yn log|a|+éama}/m, where ama denotes any value of 
the amplitude, should both be integral. What are the corresponding con- 
ditions that all the values should be of unit modulus ? 


12, The general value of | z*+a~+|, where z>0, is 
g 8D 2 {cosh 2 (m+n) m +cos (2 log 2} ], 

13. Explain the fallacy in the following argument : since glia ge 
where m and 7 are any integers, therefore, raising each side to the power 7, 
we obtain e727 = 727, 

14, In what circumstances are any of the values of x*, where 2 is real, 
themselves real? [If x>0 then 

x* = exp (v Log x) =exp (# log x) Cis 2mrz, 


the first factor being real. The principal value, for which m=0, is always 
real, 


If x is a rational fraction p/(2¢+1), or is irrational, then there is no other 
real value. But if 2 is of the form p/2g, then there is one other real value, 
viz. —exp (x log x), given by m=q. 


If x= —£<0 then 
a= exp { — § Log (—£)}=exp (—& log £) Cis {— (241) wé}. 


The only case in which any value is real is that in which §=p/(2¢+1), when 
m=g gives the real value 


exp(— log £) Cis (—pm)=(-1)Pé74, 
The cases of reality are illustrated by the examples 
Gea, Gtatvh (-3) 8-43 (-pot=- ys) 

15. Logarithms to any base. We may define (= Log, z in two different 
ways. We may say (i) that (= Log, z if the principal value of aS is equal to z; 
or we may say (ii) that ¢= Log, z if any value of a is equal to z. 

Thus if a=e then ¢=Log,z, according to the first definition, if the 


principal value of e is equal to z, or if exp¢=z; and so Log, is identical 
with Logz. But, according to the second definition, ¢=Log,z if 


eS= exp (¢ Loge)=z, ¢ Loge=Logz, 
or ¢=(Log z)/(Log e), any values of the logarithms being taken. Thus 


aI _ log|z|+(am z+2mr) 7 
Se Eee ee 


so that ¢ is a doubly infinitely many-valued function of z And generally, 
according to this definition, Log, z= (Log z)/(Log a). 


16. Loge l=2mmi/(1+2nmt), Log,(—1)=(2m+1) wi/(1+2nm7), where m 
and 7 are any integers. 
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227. The exponential values of the sine and cosine. 
From the formula 


exp (E+ 79) =exp & (cosy +7s1n 7), 
we can deduce a number of extremely important subsidiary 
formulae. Taking &=0, we obtain exp (¢7) =cosn+7sin 7; and, 
changing the sign of n, exp(—%n)=cos 7—tsin 7. Hence 


cosn= 4 {exp (tm) + exp(—in)}, 
sin y = — $7 {exp (t7) — exp (—tm)}. 


We can of course deduce expressions for any of the trigonometrical 
ratios of 7 in terms of exp (77). 


228. Definition of sin€ and cos¢ for all values of ©¢. 
We saw in the last section that, when € is real, 


cos$= 4 {exp (tf) -+exp (—720)}........66. (1 a), 
sin €= — $7 {exp (7) — exp (—70)}........... (1 b). 
The left-hand sides of these equations are defined, by the ordinary 
geometrical definitions adopted in elementary Trigonometry, only 
for real values of €& The right-hand sides have, on the other 
hand; been defined for all values of ¢, real or complex. We are 
therefore naturally led to adopt the formulae (1) as the definitions 
of cos € and sin € for all values of ¢& These definitions agree, in 
virtue of the results of § 227, with the elementary definitions for 
real values of ¢. 


Having defined cos ¢ and sin &, we define the other trigono- 
metrical ratios by the equations 


~ en 5 CC) ae i tl 
a ee a aE ‘dear Oe Narn e) 


It is evident that cos€ and sec are even functions of £ and 
sin €, tan & cot €, and cosec ¢ odd functions. Also, if exp (7f) =¢, 
we have 
cost=}{t+(I/é)}, sing=—}1(¢—-(/o)}, 
cos? €+ sink? =}[{t+ 0/)}?—{t-(/))7J=1...... (3). 
We can moreover express the trigonometrical functions of 
£+¢’ in terms of those of € and ¢’ by precisely the same formulae 


+ % 
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as those which hold in elementary trigonometry. For if exp (cf) = t, 
exp (16’) =t’, we have 


cos (f+ ¢')=4 (w ue z) =4 \(¢+3) (¥ a 7) + (t-2) (v = a) 


= cos {cos ¢’ —sin sin ¢’......... (4) ; 
and similarly we can prove that 
sin (+ ¢’) =sin {cos 6’ + cos fsin €’ ............ ‘Oy 
In particular 
cos (€+4r) =—sin 6, sin (€+ 47) =cos £...... (6). 


All the ordinary formulae of elementary Trigonometry are 
algebraical corollaries of the equations (2)—(6); and so all such 
relations hold also for the generalised trigonometrical functions 
defined in this section. 


229. The generalised hyperbolic functions. In Ex. LXXXVII. 19, we 
defined cosh ¢ and sinh ¢, for real values of ¢, by the equations 


cosh (= 4 {exp(+exp(-Q}, sinh (=} fexp ¢-exp (- iG) renee (1): 
We can now extend this definition to complex values of the variable; 
2e. we can agree that the equations (1) are to define cosh ¢ and sinh ¢ for 


all values of ¢ real or complex. The reader will easily verify the following 
relations : 


cosi¢=cosh ¢, sini¢=dsinh¢, coshi¢=cos¢, sinh i¢=7sin ¢. 
We have seen that any elementary trigonometrical formula, such as 
the formula cos 2¢=cos? ¢— sin? ¢, remains true when ¢ is allowed to assume 
complex values. It remains true therefore if we write cos 7¢ for cos ¢, sin 7¢ 


for sin ¢ and cos 27¢ for cos 2¢; or, in other words, if we write cosh ¢ for cos ¢, 
sinh ¢ for sin ¢, and cosh 2¢ for cos2¢. Hence 


cosh 2¢=cosh? ¢+ sinh? ¢. vt 


The same process of transformation may be applied to any trigonometrical 
identity. It is of course this fact which explains the correspondence noted 
in Ex. LXXxvil. 21 between the formulae for the hyperbolic and those for the 
ordinary trigonometrical functions, 


230. Formulae for cos(£+7), sin (+7), etc. It follows from the 
addition formulae that 


cos (€ +7) =cos € cos in — sin € sin 77=cos € cosh n —é sin é sinh Ns 
sin (€+%)=sin £ cos 7) + cos sin 77 =sin é cosh n +7 cos € sinh 7. 
These formulae are true for all values of £ and 7. The interesting case 


is that in which é and 7 are real. They then give expressions for the real and 
imaginary parts of the cosine and sine of a complex number. 
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Examples XCV. 1. Determine the values of ¢ for which cos ¢ and sin ¢ 
are (i) real (ii) purely imaginary. [For example cos¢ is real when 7=0 or 
when € is any multiple of 7.] 


2. | cos (+2) | =./(cos? + sinh? n) =,/{$ (cosh 2n + cos 2€)}, 
| sin (€+7%n) | =./(sin? €+sinh? n) =./{$ (cosh 2n — cos 28)}. 
[Use (e.g.) the equation |cos (€+¢) |=./{cos (+2) cos (E—2)}.] 


sin 2€+7 sinh 2n 


sin 2£—7sinh2 
cosh 2n+cos 2é ” : Z 


2 Cuaron) = cosh 2n — cos 2& ° 


[For example 
tan (& +27) 


cot (E-+%)= 


_ sin (€+7%) cos (E—ty) _ sin 2€+sin Qin 
~ cos (E+%n) cos(E—%n) Cos 2E+COS ty ” 
which leads at once to the result given.] 
.. cos €coshn+7sin € sinh 7 
+ setae) 4 (cosh 2n-+cos2&)  ” 
sin € cosh n—7 cos € sinh n 


cosec (E+7%n) = s (cosh 2n — cos 2&) 


5. If |cos(é+7)|=1 then sin? =sinh?y, and if | sin (€+72))|=1 then 
cos? £=sinh? n. 
6. If |cos(€+7)|=1, then 
sin {am cos (€+%)}= +sin? = +sinh? y, 


7. Prove that Log cos (£+i7)=A+7B, where 
A =4 log {4 (cosh 2n + cos 2€)} 
and B is any angle such that 
cossB sinBo iL 
cos€coshn sinésinhn ./{$ (cosh 29 +c0s 2£)} * 
Find a similar formula for Log sin (é +77). 


8. Solution of the equation cos¢=a, where a is real. Putting 
¢=£&+%, and equating real and imaginary parts, we obtain 
cos € cosh n=a, sin € sinh 7=0. 
Hence either 7=0 or € is a multiple of x. If (i) n=0 then cos =a, which is 
impossible unless -1<Sa<1. This hypothesis leads to the solution 
: (=2kn +arc cos a, 

where arc cos a lies between 0 and43z. If (ii) =m then cosh n=(—1)"a, so 
that either a21 and m is even, or aS—1 and mis odd. Ifa=+1 then n=0, 
and we are led back to our first case. If |a|>1 then coshn=|al|, and we 
are led to the solutions 

(= Qkr+tlog{£ atnrVJ/(a?-1)} (a>), 

(=(2k +1) r+2log{-a+J/(a?—-1)} (a<—1). 
For example, the general solution of cos (= —4 is (=(2k+1) r+7log 3. 
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9. Solve sin (=a, where a is real. 


10. Solution of cos¢=a+78, where 8+0. We may suppose B>0, 
since the results when 8 <0 may be deduced by merely changing the sign of 7. 
In this case 

cos€coshn=a, sin Esinhy= —B.......csssseeeeee(1); 


and (a/cosh n)? + (8/sinh n)? = 1. 
If we put cosh? n= we find that 
a*—(1+a?+ 8") 7+a?=0 

or c=(A,+A.)*, where 

A;=$/(at1P +h},  Ag=$a/{(a—1)? +B 4}. 
Supposea>0. Then 4;>A,>0 and coshn=A,+4q. Also 

cos £=a/(cosh n)= A, F Ag, 
and since cosh 7 > cos € we must take 
cosh n= A,+ Ae, cosé=A,—Ap, 
The general solutions of these equations are 
&=2kr tarc cos I, n= tlog {L+/(L?-1)}...cccceees re 62) 

where L=A,+ 4.9, M=A,-— Ag, and arc cos J lies between 0 and an. 


The values of 7 and & thus found above include, however, the solutions of 

the equations 
cos € cosh n =a, Sites sinlin— 8 si vecntiees siapnente (3), 

as well as those of the equations (1), since we have only used the second of 
the latter equations after squaring it. To distinguish the two sets of 
solutions we observe that the sign of sin € is the same as the ambiguous sign 
in the first of the equations (2), and the sign of sinh is the same as the 
ambiguous sign in the second. Since B> 0, these two signs must be different. 
Hence the general solution required is 


¢=2km +[arc cos M—7 log {2 +,/(L?—- 1)}]. 
11, Work out the cases in which a<0O and a=0 in the same way, 


12, If @=0 then L=$|at+1/+}{a—1| and M=}|a+1|—}]a-1]. 
Verify that the results thus obtained agree with those of Ex. 8, 


13. Show that if a and P are positive then the general solution of 
sin (=a+78 is 
(=kr+(-1)' [aresin W+7log {L+./( LZ? -1)}], 
where arcsin Jf lies between 0 and $7. Obtain the solution in the other 
possible cases. 


14. Solve tan (=a, where a is real, [All the roots are real.] 
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15. Show that the general solution of tan (=a+78, where 8+0, is 
; a*+ (1+ 8)? 
(abn +4044 log (rach 
where @ is the numerically least angle such that 
cos 8: sin 8: 1::1—a?—?: 2a:./{(1—a? — 8?)?+ 4a%, 


16. Ifz=éexp (f ri), where & is real, and c is also real, then the modulus 
of cos 27z—cos 2m is 


V[$ {1 +cos 4+ cos (2r€ ./2)+cosh (2r€ ./2) 
— 4 cos 2re cos (ré ./2) cosh (r€& /2)}]. 


17. Prove that | exp exp (+n) |=exp (exp € cos n), 
R {cos cos (€+7)} =cos (cos € cosh 7) cosh (sin é sinh y), 
I {sin sin (€+%)} =cos (sin é cosh 7) sinh (cos £ sinh 7). 


18. Prove that |exp ¢| tends to o if ¢ moves away towards infinity along 
any straight line through the origin making an angle less than $a with OY, 
and to 0 if ¢ moves away along a similar line making an angle greater than 
4m with OY. 


19. Prove that |cos¢| and |sin ¢| tend to o if ¢ moves away towards 
infinity along any straight line through the origin other than either half of 
the real axis. 


20. Prove that tan-¢ tends to —7 or to 7 if ¢ moves away to infinity 
along the straight line of Ex. 19, to —2 if the line lies above the real axis and 
to 2 if it lies below. / 


231. The connection between the logarithmic and the inverse 
trigonometrical functions. We found in Ch. VI that the integral of a 
rational or algebraical function ¢ (2, a, 8, ...), where a, 8,... are constants, 
often assumes different forms according to the values of a, 8, ...; sometimes 
it can be expressed by means of logarithms, and sometimes by means of 
inverse trigonometrical functions, Thus, for example, 


dx 1 x 
[x er are tan SE abet ae 0 (1) 
if a>0, but 
dx = I la- al = a) : 
pane = 2 J(—a) log Z+N(—4a) sieleieiele alolelejeistalelelstete (2) 


if a<0. These facts suggest the existence of some functional connection 
between the logarithmic and the inverse circular functions. That there 
is such a connection may also be inferred from the facts that we have ex- 
pressed the circular functions of ¢ in terms of exp7¢, and that the logarithm 
is the inverse of the exponential function. 


Let us consider more particularly the equation 


dz aia ==) 
w?—a?” Qa 8 t+a)’ 
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which holds when a is real and (%—a)/(a-+a) is positive. If we could write 
za instead of a in this equation, we should be led to the formula 


£ 1 &—- ta 
arc tan =) =F log (=) ate Orccvauaenieoumneee te (3), 


where C is a constant, and the question is suggested whether, now that we 
have defined the logarithm of a complex number, this equation will not be 
found to be actually true. 
Now (§ 221) 
Log (# +a) =3 log (4? +a”) +7 (6+ 2kr), 
where & is an integer and ¢ is the numerically least angle such that 
cos P= 2/,/(“? +a") and sing=a//(2?+a?). Thus 


1 4#—ta 
where @ is an integer, and this does in fact differ by a constant from any 
value of arc tan (#/a). 


The standard formula connecting the logarithmic and inverse circular 
functions is 
1 1+7n 
are tan “== Log € = a) a siacsrsmmmis sgucemaineay eae (4), 
where « is real. It is most easily verified by putting x=tan y, when the right- 
hand side reduces to 


1 & yt+rsin y 
= Lo oomatinas 
21 cos ¥—2 sin y 
where & is any integer, so that the equation (4) is ‘completely’ true (Ex. xcrit. 
3). The reader should also verify the formulae 


) = = Log (exp 21y)=y +kr, 


arc cos7= —? Log {v+1,/(1—x*)}, arcsin v= —7 Log {ix +./(1 — 4*)}...(5), 
where —~1<431: each of these formulae also is ‘completely’ true. 
Example. Solving the equation 
cosu=a=h{y +(1/y)}, 
where y=exp (zw), with respect to y, we obtain y=asiG( —#*), ‘Thus: 
u=—t Logy= —i Log {v+7./(1—x)}, 

which is equivalent to the first of the equations (5). Obtain the remaining 
equations (4) and (5) by similar reasoning. 

232. The power series for expz*. We saw in § 212 


that when z is real 


2 
a ae (1). 


Moreover we saw in § 191 that the series on the right-hand side 


expz=1+2+ 


* It will be convenient now to use z instead of ¢ as the argument of the 
exponential function. 
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remains convergent (indeed absolutely convergent) when z is com- 
plex. It is naturally suggested that the equation (1) also remains 
true, and we shall now prove that this is the case. 

Let the sum of the series (1) be denoted by F(z). The series 
being absolutely convergent, it follows by direct multiplication (as 
in Ex. LXxx1. 7) that #'(z) satisfies the functional equation 


PQ yeh): csv ieeecesvavces. (2). 
Now let 2 =vy, where y is real, and / (z)= f(y). Then 
FMF HM=S YY +h); 


ol LOAD= FO). pep (FO, 
But a = pega Soret 
and so, if | /| <1, 
ke) — : 
LO; <(st+gyt-) h|<(e-2)|kI. 


Hence {f (k) -1}/k~>1 ask—0, and so 


f'(y) = lim eae =) vee (3). 


Now 
Fy) = Fig) =1 4 iy) ++... =o MFO) 
where ¢ (y) is an even and w (y) an odd function of y, and so 
FM =V ilo OP + OP] 
= VLib (Y) + OY) 16 Y) — Uh (WI) 
= iF @y) F- ty) =v{F(0)} = 


FS (y= cos Y+7sin Y, 
where Y is a function of ysuch that—a7< Ys. Since f(y) has 
a differential] coefficient, its real and imaginary parts cos Y and sin Y 
have differential coefficients, and are a fortior: continuous functions 
of y. Hence Y is a continuous function of y. Suppose that Y 
changes to Y +A when y changes to y+’. Then & tends to 
zero with k, and 
K  (cos(Y + K) —cos Y) /(cos(Y + A’) —cos 

Of the two quotients on the right-hand side the first tends to a 


and therefore 
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limit when k~0, since cos Y has a differential coefficient with 
respect to y, and the second tends to the limit — sin Y. Hence K/k 
tends to a limit, so that Y has a differential coefficient with respect 
to ¥. ; 

Further I’ (y)=(Csin Y+ cos Y yuo ie 
But we have seen already that 

t' (y= tf (y) =—sin Y+tcos Y. 

Hence —=1, Y=yiG, 


where C is a constant, and 


SF (y) = cos (y + C) + esin (y + C). 
But f(0)=1 when y= 0, so that C is a multiple of 27, and 
Fiy)=cosy+isin y. Thus # @y)=cosy+isin y for all real 
values of y. And, if & also is real, we have 


F(a +ty) =F («) F (iy) = expax (cosy+zsin y) = exp (a + ty), 


2? 
™” a eeey 


or expz=1+zt5; 


for all values of z. 


233. The power series for cos z and sinz. From the 
result of the last section and the equations (1) of § 228 it follows 
at once that 

Cee : ao Rw 
cosz=1] = oy ie oe sinZ=2—-a, +5 — 

for all values of z. These results were proved for real values of z 
in Ex. LVt. 1. 

Examples XCVI. 1. Calculate cos7 and sinz to two places of decimals 
by means of the power series for cos z and sin z. 

2. Prove that |cosz|<cosh |z|and|sin z| Ssinh|z]. 

3. Prove that if|z|<1 then |cosz|<2 and |sinz|<$€|2|. 


4, Since sin 22=2 sin zcosz we have 
(22) 5 (228 a eo 
(22) — “31 “at =.= sme yy ce ek Tacs ° 
Prove by multiplying the two series on the right-hand side (§ 195) and 
equating coefficients (§ 194) that 


I2n+1 In+1 In+1 =" 
( 1 )+( 3 )rot (Soya 


Verify the result by means of the binomial theorem. Derive similar identities . 
from the equations 
cos?z-+sin?z=1, cos 2z=2cos?z—1=1-2 sin*z 
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5. Show that exp {(1+1)=22!"exp ({nmi) =. 
0 . 


6. Expand coszcoshz in powers of z [We have 
cos z cosh z+7 sin zsinh z= cos {(1 ~7) 2}=4 [exp {(1+72) z}+exp {—(1+2) 2] 
=$32"(1+(—1)}exp(fnmi)=, 
0 * 
and similarly cos z cosh z—7sin z sinh z=cos (1+7) z 


=$32!"14(-1)9 exp(-4nmi) =. 
0 . 
Hence coszcoshz=}3 2!” {1+(—1)"} cos bam =I ~~ 
0 . 


7. Expand sin z sinh z, cos z sinh z, and sin z cosh z in powers of z. 


8. Expand sin?z and sin’z in powers of z. [Use the formulae 
sin?z=4$(1—cos 2z), sin’z=} (3 sin z—sin 33), .... 
It is clear that the same method may be used to expand cos"z and sin”z, 
where 7 is any integer. ] 
9. Sum the series 


coSz . cos2z cos 3z sinz . sin2z. sin 3z¢ 
eee Py tf gy te S@ ap tg, ft ar 


[Here C+¢S=1+ =p Bape = a +...=exp {exp (zz)} 


=exp (cos z) {cos (sin 2) +7 sin (sin z)}, 
and similurly 


C—aS=exp {exp (—7iz)} =exp (cos z) {cos (sin z) —7 sin (sin z)}. 


Hence C'=exp (cos z) cos (sin z), S=exp (cos z) sin (sin z).] 
acosz . a*®cos 2 asinz . a’sin 2z 
10. Sum Le ie Soy I mn 
cos 2z . cos 4z cosz cos3z_ 
TL. Sum tS oa aM Ts sss oe ean 


and the corresponding series involving sines. 


12. Show that 


148% + pad +...=4% {cos (cos z) cosh (sin z) + cos (sin z) cosh (cos z)}. 


13. Show that the expansions of cos («+A) and sin (x-+A) in powers of h 
(Ex. Lvi. 1) are valid for all values of « and A, real or complex. 


234. The logarithmic series. We found in § 213 that 
log (1 +2)=2-—42+428—-—..00 oe. (1) 
when z is real and numerically less than unity. The series on the 
right-hand side is convergent, indeed absolutely convergent, when 
H. 27 
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z has any complex value whose modulus is less than unity. It is 
naturally suggested that the equation (1) remains true for such 
complex values of z That this is true may be proved by a 
modification of the argument of § 218. We shall in fact prove 
rather more than this, viz. that (1) is true for all values of z such 
that | z| $1, with the exception of the value — 1. 


It will be remembered that log (1 + 2) is the principal value of 


Log (1 + 2), and that 
du 


log (1+ 2)= [¢ ; 
where C is the straight line joining the points 1 and 1+ 2 in the 
plane of the complex variable u.. We may suppose that z is not 
real, as the formula (1) has been proved already for real values 
of z. 

If we put | 
z=r (cos 0+78in 8) = Cr, 
so that |r|< 1, and 
a u=1+ ti, 

then uw will describe C as ¢ increases from 0 tor. And 


>. * cdl 
cu yl + St 


=i ag wb Cie goes 4 Sa 


= op OF Cay Gy g, 


ig nN 
5 af ae Se Coll Leen, ae 6 oe renner re (2), 
where : 
r emdt 4 
= — m m+1 == Senge. «6,8 0 ee 85016616 eels oe elere @. e 
It follows from (1) of § 164 that 
r trdt 
Ye 4), 


Now |1+ |or|u|is never less than ow, the perpendicular from 
O on to the line C.* Hence 
y+ 1 


| er 
i ii, 
| Bon | ® Jo (m+1l)a~ (m+1)a’ 
* Since z is not real, C cannot pass through O when produced. The reader is 
recommended to draw a figure to illustrate the argument. 
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and so Ry >Oasm—>o. It follows from (2) that 
log (1 + 2) = 2-429 4+ 428— 2.00 eee. (5). 


We have of course shown in the course of our proof that the 
series 1s convergent: this however has been proved already 
(Ex. Lxxx. 4). The series is in fact absolutely convergent when 
z|<1 and conditionally convergent when | z|= 1. 


Changing z into — z we obtain 
log (=) =-log(l—-z)=z+4227+425+... ...(6). 


235. Now 
log (1 + 2) = log {((1 + rcos 6) +77 sin 9} 


: ate rsin 0 ) 
4 log (1 + 2r cos 8+ 7°) +c are tan (Ss : 


That value of the inverse tangent must be taken which lies 
between —$7 and 47. For, since 1+ 2 is the vector represented 
by the line from — 1 to 2, the principal value of am (1 + 2) always 
lies between these limits when z lies within ‘the circle | z| =1.* 


Since 2”=r™(cosm@ +12 sin m@), we obtain, on equating the 
real and imaginary parts in equation (5) of § 234, 
4 log (1+ 2r cos 0+ 1°) =r cos 0 — $1? cos 20 + 47° cos 36 —..., 
rsin 0 


Trond) =rsin 0—$r'sin 26 + 47° sin 36 -.... 


are tan ( 


These equations hold when 0 = r < 1, and for all values of 6, except 
that, when r=1, 0 must not be equal to an odd multiple of a. 
It is easy to see that they also hold when —1 <r S0, except that, 
when + =— 1, @ must not be equal to an even multiple of 7. 

A particularly interesting case is that in which r=1. In 
this case we have 
log (1 + 2) = log (1 + Cis 6) =4 log (2 + 2 cos) +4 are tan ( 

= 4 log (4 cos? 10) + 478, 


sin 6 ) 
1+cos @ 


if —7<@< 7, and so 
cos 6~4 cos 206+ 4co0s 30 —... = 4 log (4cos? 40), 
sin@—4}sin 20+4sin 30 —...= 40. 


* See the preceding footnote, 


27—2 


420 THE GENERAL THEORY OF THE LOGARITHMIC, [x 


The sums of the series, for other values of 0, are easily found from 
the consideration that they are periodic functions of @ with the 
period 27. Thus the sum of the cosine series is 4 log (4 cos? $6) for 
all values of 6 save odd multiples of 7 (for which values the series 
is divergent), while the sum of the sine series is 4 (0 — 2kz) if 
(2k—1)4r< 0 < (2k+1) zm, and zero if @ is an odd multiple of 7. 
The graph of the function represented by the sine series is shown 
in Fig. 58, The function is discontinuous for @=(2k+ 1) 7. 


Fig. 58, 


If we write 7z and —7z for z in (5), and subtract, we obtain 
1 ete ones Ge ae 

5; 10 (=e) 3% +42-.... 

If z is real and numerically less than unity, we are led, by the results of 


§ 231, to the formula 
are tan z=2z—424125-.,,,, 


already proved in a different manner in § 214. 
Examples XCVITI. 1. Prove that, in any triangle in which a>8, 
b b? 
log c=log a—— cos C- Fqu 08 2C'-.... 
[Use the formula log c= 3 log (a?+6?—2ab cos C).] 
2, Prove that if -l<r<l and —47<6<47m then 


r sin 26—4$7?sin 46 +475 sin 66—...=6—arc tan \355) tan at , 


the inverse tangent lying between —43zm and $x. Detérmine the sum of the 
series for all other values of 6. 


3. Prove, by considering the expansions of log (1+7z) and log (1—7z) in 
powers of z, that if -—l<r<l1 then 


7 sin 6+ $7? cos 26 —473 sin 36— 474 cos 46+...=4 log (1+2r sin 647°), 


7 cos 6 +47? sin 26 — 473 cos 36-47? sin 46+... =are tan _ ee ; 
l—?rsin 6 
‘ : 1+2r sin 6+7? 
—~ 143 = eC SS 
7 sin @—47% sin 36+...=} log (aeciraeia)? 


r cos 6-473 cos36+...=4 are tan (Gar) : 


the inverse tangents lying between — $m and $m. 
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4, Prove that 
cos 6 cos 6— 4 cos 24 cos? 6+ 1 cos 34 cos? @—...=4 log (1+3 cos? 6), 
sin @sin @—4 sin 26 sin? 6+4 sin 36 sin? @ — ...=are cot (1+ cot @ + cot? 6), 


the inverse cotangent lying between —4m and 47; and find similar ex- 
pressions for the sums of the series 


cos @sin 6—4$ cos 26 sin? 6+..., sin cos @—4 sin 24 cos?6+.... 


236. Some applications of the logarithmic series. The 
exponential limit. Let z be any complex number, and / a real 
number small enough to ensure that |hz|<1. Then 


log (1 +hz) = hz —43 (hzP +h (hzy-..., 


and so 
log (1 
BE aa + b (ha) 
where 
b(h, z2)=— the + 4h —4hat..., 
2 
bh 2) < [he | (Lhe | [Pet +.) = AEE 


so that ¢ (h, z)>0 as h+0. It follows that 
pe eA te) ay 
h>0 h 


Tf in particular we suppose h = 1/n, where nis a positive integer, 
we obtain 


lim n log (a + =) =4Z, 
n->2 n 
and so 


lim Qa + =)" = lim exp \n log (1 + =) =eXpzs...... (2). 


ND n> 2 nr 
This is a generalisation of the result proved in § 208 for real 
values of z. 
From (1) we can deduce some other results which we shall 
require in the next section. If¢ and hare real, and h is sufficiently 
small, we have 


log (1 +tz+hz)—log(1+itz) 1 hz 
h =z les (1+ 5) 


which tends to the limit 2/(1+tz)ash+0. Hence 


§, (log (1 + te)} = 72 
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We shall also require a formula for the differentiation of 
(1 + tz)", where m is any number real or complex, with respect 
to 4. We observe first that, if ¢ (t)=W(t)+7y(¢) is a complex 
function of ¢, whose real and imaginary parts ¢(t) and y (t) 
possess derivatives, then 


d d ae 
ay (XP b) = GF {Coos x + sin xX) exp Y} 


= {(cos vy +7 sin y) Ww’ + (—sin y +7c0s x) x'} exp 
= (+ ty’) (cos y+ 7 sin x) exp 
= (+ ax’) exp (f + tx) = $' exp 6, 
so that the rule for differentiating exp ¢ is the same as when ¢ is 
real. This ae so we have 


Amel + iz)” = d qi exP {m log (1 + éz)} 
=7, iy OP {m log (1 + tz)} 
Se Lee caved duct encase eae (4). 
Here both (1 +¢z)™ and (1 + ¢z)™—! have their principal values 


237. The general form of the Binomial Theorem. We 
have proved already (§ 215) that the sum of the series 


m m 
1+ (T)e+(o) ate 
is (1+ z2)”=exp {mlog (1 + 2)}, for all real values of m and all real 


values of zg between —l andl. If a, is the coefficient of 2” then 


An+1 
Un 


_|m—n| 


=i 
n+1 ‘ 


whether m is real or complex. Hence (Ex. LXxxx. 8) the series 
is always convergent if the modulus of z is less than unity, and we 
shall now prove that its sum is still exp {mlog(1+<)}, ue. the 
principal value of (1 + 2)”. 


It follows from § 236 that if ¢ is real then 


4 (1 + tz)" Smead £72)" —, 
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z and m having any real or complex values and each side having 
its principal value. Hence, if ¢ (¢)=(1+ tz)”, we have 
o™ @)=m(m—1)...(m—n+1) 2*(14+ tz), 
This formula still holds if t= 0, so that 
p” (0) _ (”") 2 
n! na] 


Now, in virtue of the remark made at the end of §164, we have 


: ee £0) gi (0) 
b(1) = $(0) + $0) + St + aay the, 


1 : ru n 
where ie ah (1 —t) : p' ) (t) dt. 
But 1f z=r (cos @+72s1n @) then - 
| 1 +é2|=./(1 + 2tr cos 0 + #r*) 21 — tr, 


and therefore 
|m(m~—1)...dm—n+1)| fi? G—#) 


| Zin | < (n—1)! i >a trynm 
|m(m—1)...dm—n4+1)| (1-07 
= (n—1)! (i —6ry-™? 


where 0< @ <1; so that (cf. § 163) 


je (m1). (m =n + D)| 


| Hin | < (a—1)! 


r" = Pn,» 
say. But 
Pri _|m—m| 
Pn 
and so (Ex. XXVII. 6) p,—0, and therefore R,~0, as n>, 
Hence we arrive at the following theorem. 


r, 


THEOREM. The sum of the binomial series 


1+(t)e+($) 24 


is exp {m log (1 + 2)}, where the logarithm has its principal value, 
for all values of m, real or complex, and all values of z such that 
Z\< 1. 
A more complete discussion of the binomial series, taking 
account of the more difficult case in which | z|= 1, will be found 
on pp. 225 et seq. of Bromwich’s Infinite Serres. 
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_Examples XCVIII. 1. Suppose m real. Then since 


log (1+2)=4 log (1+ 27 cos 6-+7%) +7 are tan 5) 


1+7 cos 6 
we obtain 
© fm F rsin 6 
2 n= log (1+2 2 ii 
: (7) 2 =exp {4m log (1+2r cos 6+7°)} Cis {rm arc tan (; Pa a} 


se ie es 
(1 + 27 cos 6 +7?) Cis {maretan (Tne I, 


all the inverse tangents lying between —3m and 42. In particular, if we 
suppose 0=$7, z=7r, and equate the real and imaginary parts, we obtain 


1- () 72 @ rt — ...= (147%)! cos (m are tan 2) 


(7) aa * 734. (*) 75 — ...= (1472)? sin (mare tan 7). 


2. Verify the formulae of Ex. 1 when m=1, 2, 3. [Of course when 7 is 
a positive integer the series is finite. ] 


3. Prove that ifO<7<1 then 


Hana 


oe 0 le Det J(+r2)~1) 
D eee Toes IO | ° 


2 (1 +7?) 
[Take m= —4 in the last two formulae of Ex. 1.] 
4. Prove that if —}a<d<47m then 


cos m6= cos" 6 {1 ~ © tan?@ + @ tan! — ‘ : 


sin m6 =cos”™ @ (7) tan 6 — @ tan?@ +... } ; 


for all real values of m. [These results follow at once from the equations 


cos m6 +-7 sin m6 =(cos +7 sin 6)™=cos” 6 (1 +e tan ey". | 
5. We proved (Ex. LXxxI. 6), by direct multiplication of series, that 
F(m, 2)=3 @) 2", where |z|<1, satisfies the functional equation 
FT (m, 2) f (m’, z)=f (m+m’, 2). 


Deduce, by an argument similar to that of § 216, and without assuming the 
general result of p. 423, that if m is real and rational then 


f (mm, 2)=exp {m log (1-+2)}. 
6. Ifzand p» are real, and ~1<z<1, then 


= (‘*) z= cos {p log (1+2)}+7sin {u log (1+2)}. 
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MISCELLANEOUS EXAMPLES ON CHAPTER X. 


1. Show that the real part of 2108 (+4 jg 
elt) m8 cog {1 (4k +1) x log 2}, 
where & is any integer. 
2. Ifacos 6+bsin 6+c=0, where a, b, ¢ are real and c?>a?+ 02, then 
|e|-+./(c? — a? — 6?) 
Maroy 
where m is any odd or any even integer, according as ¢ is positive or negative, 
and a is an angle whose cosine and sine are a/,/(u?+ 6?) and b/./(a? +62). 
3. Prove that if @ is real and sin 6 sing@=1 then 
p=(k+4) r£2 log cot § (kr +6), 
where & is any even or any odd integer, according as sin 6 is positive or 
negative. 


4. Show that if x is real then 


6=mr+a+z log 


@ exp {(a+7b) 2} =(a+7b) exp {(a+7b) 2}, 
: __ exp {((4@+2) x} 
| exp {(a+7b) za} dv= aes Gane 
Deduce the results of Ex. Lxxxvui. 3. 


iE 
a+z2zb’ 


5. Show that if a>0 then i exp {—(a+ 7b) a dr= and deducc the 
0 


results of Ex. Lxxxvit. 5. 
6. Show that if (x/a)?+ (y/b)?=1 is the equation of an ellipse, and f(a, y) 
denotes the terms of highest degree in the equation of any other algebraic 


curve, then the sum of the eccentric angles of the points of intersection of the 
ellipse and the curve differs by a multiple of 27 from 


—¢ {log f (a, 1b) - log f (a, — i)}. 
[The eccentric angles are given by f(a cosa, b sina) +...==0 or by 


f {a (u+5). — 4b (u-j)} +...=0, 


where u=exp za ; and 3a is equal to one of the values of —i Log P, where P is 
the product of the roots of this equation. ] 


7. Determine the number and approximate positions of the roots of the 
equation tan z=az, where a is real. 


[We know already (Ex. xvi. 4) that the equation has infinitely many real 
roots. Now let z=#+7y, and equate real and imaginary parts. We obtain 


sin 24/(cos 2x + cosh 2y)=az, sinh 2y/(cos 2% + cosh 2y)=ay, 
so that, unless # or y is zero, we have 
(sin 2.2)/272=(sinh 2y)/2y. 
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This is impossible, the left-hand side being numerically less, and the right- 
hand side numerically greater than unity. Thus z=0 or y=0. If y=0 we 
come back to the real roots of the equation. If «=0 then tanhy=ay. It is 
easy to see that this equation has no real root other than zero if a<0 or 
az21, and two such roots if 0<a@<1. Thus there are two purely imaginary 
roots if O<a@<1; otherwise all the roots are real.] 


8. The equation tanz=az+b6, where a and b are real and b is not equal 
to zero, has no complex roots if a<0. If a>0 then the real parts of all the 
complex roots are numerically greater than | b/2a|. 


9. The equation tanz=a/z, where a is real, has no complex roots, but 
has two purely imaginary roots if a<0. 


10. The equation tanz=a tanh cz, where a and ¢ are real, has an infinity 
of real and of purely imaginary roots, but no complex roots. 


11. Show that if z is real then 


CO mr 
e% cos br =3 = {ar (3) an—2h2 4 (‘) an~4h4— a ’ 
9 7! 2 4 


where there are $(n+1) or $(n+2) terms inside the large brackets. Find 
a similar series for e% sin bz. 


12. If ng (z, n)>z as n>, then {1+¢ (2, 2)}"> exp 2. 


13. If $(é) is a complex function of the real variable ¢, then 


Ged = Ee. 


[Use the formulae 
p=v+2x, logd=$log (?+ x?) +2 are tan (y/p).] 


14. Transformations. In Ch. III (Exs. xxi. 21 et seg., and Misc. Exs. 
22 et seg.) we considered some simple examples of the geometrical relations 
between figures in the planes of two variables z, Z connected by a relation 
z=f(Z). We shall now consider some cases in which'the relation involves 
logarithmic, exponential, or circular functions. 

Suppose firstly that 

z=exp(mZ/a), Z=(a/m) Log z 

where @ is positive. To one value of Z corresponds one of z, but to one of z 


infinitely many of Z. If 2, y, 7, 6 are the coordinates of z and 4, Y, ft, © 
those of Z, we have the relations 


a=e™!4 cog(n Via),  y=e"*!* sin ( Y/a), 
X=(a/r) log 7, Y=(a6/r) + 2ka, 
where & is any integer. If we suppose that-—m< 6m, and that Log z has its 


principal value log z, then /=0, and Z is confined to a strip of its plane parallel 
to the axis O.Y and extending to a.distance a from it on each side, one point 
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of this strip corresponding to one of the whole z-plane, and conversely. By 
taking a value of Logz other than the principal value we obtain a similar 
relation between the z-plane and another strip of breadth 2a in the Z-plane. 


To the lines in the Z-plane for which X and Y are constant correspond the 
cireles and radii vectores in the z-plane for which r and @ are constant. To 
one of the latter lines corresponds the whole of a parallel to OX, but to a 
circle for which r is constant corresponds only a part, of length 2a, of a 
parallel to OY. To make Z describe the whole of the latter line we must 
make z move continually round and round the cirele. 


15. Show that to a straight line in the Z-plane corresponds an equi- 
angular spiral in the z-plane. 


16. Discuss similarly the transformation z=ccosh (rZ/a), showing in 
particular that the whole z-plane corresponds to any one of an infinite 
number of strips in the Z-plane, each parallel to the axis OX and of 
breadth 2a. Show also that to the line X= Yo corresponds the ellipse 


ee 

ec cosh (1 Xo/a) esinh(rXo/a)) 

and that for different values of Yo these ellipses form a confoeal system ; and 
that the lines Y= Yo correspond to the associated system of confocal hyper- 
bolas. Trace the variation of z as Z describes the whole of a line Y= Xp or 
Y=Yy How does Z vary as z describes the degenerate ellipse and hyperbola 
formed by the segment between the foci of the confocal system and the 
remaining segments of the axis of x? 


17. Verify that the results of Ex. 16 are in agreement with those of Ex. 14 
and those of Ch. III, Misc. Ex. 25. [The transformation z=c cosh (7Z/a) 
may be regarded as compounded from the transformations 


Z=C2,, %4=$ {2o+(L1/2)}, z=exp (rZ/a).] 


18. Discuss similarly the transformation z=c tanh (7Z/a), showing that 
to the lines 14 =X, correspond the coaxal circles 


{x —¢ coth (22 X/a)\}* +4? =c? cosech? (27-X,/a), 


and to the lines Y= Y the orthogonal system of coaxal circles. 


19. The Stereographic and Mercator’s Projections. The points of a 
unit sphere whose centre is the origin are projected from the south pole (whose 
coordinates are 0, 0, —1) on to the tangent plane at the north pole. The 
coordinates of a point on the sphere are & », ¢, and Cartesian axes XY, OY 
are taken on the tangent plane, parallel to the axes of € and 7. Show that 
the coordinates of the projection of the point are 


v= 2E/(1+¢), y= 2n/(1 +¢); 
and that «+7y=2 tan 46 Cis ¢, where ¢ is the longitude (measured from the 
plane 7=0) and 6 the north polar distance of the point on the sphere. 
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This projection gives a map of the sphere on the tangent plane, generally 
known as the Stereographic Projection. If now we introduce a new complex 
variable 

Z=X+1Y= —-ilog$z= —7 log} (v+1y) 
so that X=, Y=log cot $0, we obtain another map in the plane of Z, 
usually called Mercator’s Projection. In this map parallels of latitude and 
longitude are represented by straight lines parallel to the axes of Y and Y 
respectively. 


20. Discuss the transformation given by the equation 


— Log (3) ’ 


showing that the straight lines for which x and y are constant correspond to 
two orthogonal systems of coaxal circles in the Z-plane. 


21. Discuss the transformation 


WE=a)+uZ-0) 

z= Log { +—__4__**—*}, 

a eo 

showing that the straight lines for which x and y are constant correspond to 


sets of confocal ellipses and hyperbolas whose foci are the points Z=a and 
Z=b, 


[We have M(Z—-a)+J(Z- 6)=J/(b-a)exp( x«#+7y), 
(Z~d)-(Z—b)=s/(b - a) exp (-2-Wy); 
and it will be found that 
|Z-—a|+|7Z—6|=|b-—a|cosh2x, |Z-a|-|Z-—b|=|b—a| cos 2y.| 


22. The transformation z=Z*. If z=Z‘, where the imaginary power 
has its principal value, we have 


exp (log +76) =z=exp (7 log Z)=exp (¢ log R—-@), 


so that logr=—0, 6=log R+2kz, where / is an integer! As all values of & 
give the same point z, we shall suppose that £=0, so that 


1a — eS MA 10) - RR Ch: 


The whole plane of Z is covered when #& varies through all positive 
values and © from —7z to 7: then r has the range exp(—~7) to exp a and @ 
ranges through all real values. Thus the Z-plane corresponds to the ring 
bounded by the circles r=exp(-—7), r=expz; but this ring is covered 
infinitely often. If however @ is allowed to vary only between —7a and z, 
so that the ring is covered only once, then # can vary only from exp (— 7) to 
exp 7, so that the variation of Z is restricted to a ring similar in all respects 
to that within which z varies. Each ring, moreover, must be regarded as 
having a barrier along the negative real axis which z (or Z) must not cross, as 
its amplitude must not transgress the limits —m and z. 
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We thus obtain a correspondence between two rings, given by the pair of 
equations 
2eZ', Zac s 

where each power has its principal value. To circles whose centre is the 

origin in one plane correspond straight lines through the origin in the other. 


23. Trace the variation of z when Z, starting at the point exp 7, moves 
round the larger circle in the positive direction to the point — exp z, along 
the barrier, round the smaller circle in the negative direction, back along the 
barrier, and round the remainder of the larger circle to its original position. 


24. Suppose each plane to be divided up into an infinite series of rings 
by circles of radii 


—(2n+1 - 7 3a 2n-+1 
é ( ay Bo eeog é€ f, é 9 é 9 e@eeg ef )m, 


Show how to make any ring in one plane correspond to any ring in the 
other, by taking suitable values of the powers in the equations z=Zi, Z=z-i, 


25. If z=Z', any value of the power being taken, and Z moves along an 
equiangular spiral whose pole is the origin in its plane, then z moves along an 
equiangular spiral whose pole is the origin in its plane. 


26. How does Z=2", where a is real, behave as z approaches the origin 
along the real axis. [Z moves round and round a circle whose centre is the 
origin (the unit circle if z* has its principal value), and the real and imaginary 
parts of Z both oscillate finitely.] 


27. Discuss the same question for Z=z*+i, where a and 6 are any real 
numbers. 


28. Show that the region of convergence of a series of the type > Ay BRU 
-@ 
where a is real, is an angle, i.e. a region bounded by inequalities of the type 
Oo9<amz<6, [The angle may reduce to a line, or cover the whole plane.] 


29. Level Curves. If f(z) is a function of the complex variable z, we 
call the curves for which | f(z)| is constant the level curves of f(z). Sketch 
the forms of the level curves of 


zZ—a (concentric circles), (2—a) (z—)) (Cartesian ovals), 
(2—a)/(2—6) (coaxal circles), exp z (straight lines). 
30. Sketch the forms of the level curves of (z—a) (z—6)(z- oy 


(1+2,/3 +22)/2, [Some of the level curves of the latter function are drawn in 
Fig. 59, the curves marked 1-viI corresponding to the values 


10, 2—./3 ='27, -40, 1-00, 2:00, 24+./3=3°73, 4:53 
of | f(z)|. The reader will probably find but little difficulty in arriving at a 


general idea of the forms of the level curves of any given rational function ; 


but to enter into details would carry us into the general theory of functions 
of a complex variable. ] 
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Fig. 59. 


Fig. 60. ips eu. 
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31. Sketch the forms of the level curves of (i) zexpz, (ii) sinz. [See 
Fig. 60, which represents the level curves of sinz. The curves marked 1-v111 
correspond to 4=°35, 50, °71, 1:00, 1°41, 2°00, 2°83, 4:00.] 


32. Sketch the forms of the level curves of expz—c, where c is a real 
constant. [Fig. 61 shows the level curves of |expz—1|, the curves I-vIrI 
corresponding to the values of & given by log = —1:00, ~:20, —:05, 0:00, 
05, -20, 1:00.] 


33. The level curves of sinz—c, where c is a positive constant, are 
sketched in Figs. 62, 63. [The nature of the curves differs according as 
to whether c<1 or c>l. In Fig. 62 we have taken c=°5, and the curves 
I-VIII correspond to £=-29, ‘37, ‘50, °87, 1:50, 2°60, 4°50, 7°79. In Fig. 63 
we have taken e=2, and the curves I-viI correspond to h=-58, 1:00, 1°73, 
3:00, 5:20, 9:00, 15°59. If c=1 then the curves are the same as those of 
Fig. 60, except that the origin and scale are different. ] 


Fig. 62. Fig. 63. 


34. Prove that if O0<é<m then 
cos +4 cos 36+2 cos 56+ ...=} log cot? 30, 
sin 6+4 sin 30+} sin 50+...=47, 


and determine the sums of the series for all other values of 6 for which they 
are convergent. [Use the equation 
2+42+43254,,.=h log (7) 

where z=cos 6+zsin 6. When @ is increased by mw the sum of each: series 
simply changes its sign. It follows that the first formula holds for all values 
of 8 save multiples of m (for which the series diverges), while the sum of the 
second series is $a if 2kr<O0<(2k+1) a, —}m if (Qh4+1) r<O< (2442) a, 
and 0 if 6 is a multiple of z.] 
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35. Prove that if 0<6<4m then 

cos 8— 4 cos 36+4 cos 54 —...=}7, 

sin 6 —4 sin 36+4 sin 56—...=4 log (sec 6+ tan 6)?; 
and determine the sums of the series for all other values of 6 for which they 
are convergent. 


36. Prove that 
cos 6 cos a+ cos 26 cos 2a+4 cos 36 cos 3a+...= —} log {4 (cos 6 — cos a), 


unless 6—a or 6+a is a multiple of 27. 


37. Prove that if neither a nor 6 is real then 


dx _ _log(~-a@)—log (—d) 

i (t—a)(a—b) a—b ‘ 
each logarithm having its principal value. Verify the result when a=ci, 
b=-—ci, where ¢ is positive. Discuss also the cases in which a or 6 or both 


are real and negative. 
38. Prove that if a and £ are real, and 8>0, then 
| i dz ae 
0 @—(atiB)y 2 (ati) 
What is the value of the integral when B<0? 


39. Prove that, if the roots of Az?4+2Bcr+C=0 have their imaginary 
parts of opposite signs, then 


is ax my aa) 

~» Av?+2Br+C /(B- AC)’ 
the sign of /(B?— AC) being so chosen that the real part of {</ (B?-— AC)}/Aé 
18 positive, 


APPENDIX I 
(To Cuapters III, IV, V) 


Lhe Proof that every Equation has a Root 


LET Z= P (2) =age" + a,2"-14...4+a 
be a polynomial in z, with real or complex coefficients. We can represent 
the values of z and Z by points in two planes, which we may call the z-plane 
and the Z-plane respectively. It is evident that if z describes a closed path y 
in the z-plane, then Z describes a corresponding closed path r in the Z-plane. 
We shall assume for the present that the path © does not pass through the 
origin. 

To any value of Z correspond an infinity of values of am Z, differing by 
multiples of 27, and each of these values varies continuously as Z describes 
r.* We can select a particular value of am Z corresponding to each point 


Fig. A. Fig. B. 


of Y, by first selecting a particular value corresponding to the initial value 
of Z, and then following the continuous variation of this value as Z moves 
along T. We shall, in the argument which follows, use the phrase ‘the 
amplitude of Z’ and the formula am Z to denote the particular value of the 
amplitude of Z thus selected. Thus am Z denotes a one-valued and con- 
tinuous function of X and Y, the real and imaginary parts of Z. 


* It is here that we assume that I does not pass through the origin. 


i. 28 
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When Z, after describing I, returns to its original position, its amplitude 
may be the same as before, as will certainly be the case if I does not enclose 
the origin, like path (a) in Fig. B, or it may differ from its original value by 
any multiple of 27. Thus if its path is like (6) in Fig. B, winding once round 
the origin in the positive direction, then its amplitude will have increased 
by 24. These remarks apply, not merely to Tr, but to any closed contour in 
the Z-plane which does not pass through the origin. Associated with any 
such contour there is a number which we may call ‘the increment of am Z 
when Z describes the contour’, a number independent of the initial choice of 
a particular value of the amplitude of Z. 


We shall now prove that 7f the amplitude of Z ts not the same when Z 
returns to tts original position, then the path of 2 must contain inside or on 
it at least one point at which Z=0. 


We can divide y into a number of smaller contours by drawing parallels 
to the axes at a distance 6, from one another, as in Fig. C.* If there is, 
on the boundary of any one of these contours, a point at which Z=0, 
what we wish to prove is already established. We may therefore suppose 


Fig. C. 


that this is not the case. Then the increment of am Z, when z describes 
y, is equal to the sum of all the increments of am Z obtained by supposing 
z to describe each of these smaller contours separately in the same sense as y. 
For if z describes each of the smaller contours in turn, in the same sense, 
it will ultimately (see Fig. D) have described the boundary of y once, and 
each part of each of the dividing parallels twice and in opposite directions. 
Thus PQ will have been described twice, once from P to Q and once from Q 
to P. As z moves from P to Q, am Z varies continuously, since Z does not 
pass through the origin ; and if the increment of am Z.is in this case 0, then 
its increment when z moves from Q to P is —@; so that, when we add 
up the increments of am Z due to the description of the various parts of the 
smaller contours, all cancel one another, save the increments due to the 
description of parts of y itself. 


* There is no difficulty in giving a definite rule for the construction of these 
parallels: the most obvious course is to draw all the lines x=k6,, y=k6,, where 
k is an integer positive or negative. 
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Hence, if am Z is changed when z describes y, there must be at least one 
of the smaller contours, say y,, such that am Z is changed when 2z describes 
yi. This contour may be a square whose sides are parts of the auxiliary 
parallels, or may be composed of parts of these parallels and parts of the 
boundary of y. In any case every point of the contour lies in or on the 
boundary of a square A; whose sides are parts of the auxiliary parallels and 
of length 8). 


We can now further subdivide y, by the help of parallels to the axes at a 
smaller distance 5, from one another, and we can find a contour ye, entirely 
included in a square Ag, of side 6, and itself included in A,, such that am Z 
is changed when z describes the contour. 


Now let us take an infinite sequence of decreasing numbers 8), 2, ..., 
Siny «+> Whose limit is zero.* By repeating the argument used above, we can 
determine a series of squares A,, 45, ..., 4,,,... and a series of contours yj, 
Y2) ++) Ym, --- Such that (i) 44,1 lies entirely inside A,,, (ii) ym lies entirely 
inside A,,, (ill) am Z is changed when z describes yy. 


If (4m) Ym) and (Xm+8mn, Y¥m+ 5m) are the lower left-hand and upper right- 
hand corners of A,,, it is clear that 4, 72, ..., %m, ... is an increasing and 
Hy+AO,, %ot+8y, 0.0) Lm+Sm, ... 2 decreasing sequence, and that they have a 
common limit %. Similarly y¥, and ¥m_+5m have a common limit yo, and 
(%q, Yo) 18 the one and only point situated inside every square A,,. How- 
ever small 6 may be, we can draw a square which includes (7, 7), and whose 
sides are parallel to the axes and of length 6, and inside this square a closed 
contour such that am Z is changed when z describes the contour. 


It can now be shown that 
P (ty +749) =0. 


For suppose that P (%+17)=a, where |a|=p>0. Since P(x+7y) is a con- 
tinuous function of # and y, we can draw a square whose centre is (%, ¥) 
and whose sides are parallel to the axes, and which is such that 


| P (w+ty)— P (xo+%%) |<$p 
at all points #+72y inside the square or on its boundary. At all such points 
P(x+1y)=a+d, 


where |¢|< 4p. Now let us take any closed contour lying entirely inside 
this square. As z describes this contour, Z=a+¢@ also describes a closed 
contour. But the latter contour evidently hes inside the circle whose centre 
is a and whose radius is 4p, and this circle does not include the origin. 
Hence the amplitude of Z is unchanged. 


But this contradicts what was proved above, viz. that inside each square A,, 
we can find a closed contour the description of which by z changes am Z 
Hence P (4p +77) =0. 


* We may, e.g., take 6,,=6,/2"-1. 
28-—2 
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All that remains is to show that we can always find some contour such that 
am Z is changed when z describes y. Now 


” pene 
Z=Apz (a ae “te). 


We can choose # so that 
| % | | 2 | | @n| 
|| © |ao| | do | £2 
where 6 is any positive number, however small; and then, if y is the circle 
whose centre is the origin and whose radius is #, we have 


Z=ay2"(1+p), 


where |p|<4, at all points on y. We can then show, by an argument 
similar to that used above, that am(1+p) is unchanged as z describes 
y in the positive sense, while am 2” on the other hand is increased by 2nz. 
Hence amZ is increased by 2n7, and the proof that Z=O has a root is 
completed. 


<6, 


oot 


We have assumed throughout the argument that neither I, nor any of the 
smaller contours into which it is resolved, passes through the origin. This 
assumption is obviously legitimate, for to suppose the contrary, at any stage 
of the argument, is to admit the truth of the theorem. 


We leave it as an exercise to the reader to infer, from the discussion 
which precedes and that of § 43, that when z describes any contour y in the 
positive sense the increment of amZ 1s 2kr, where k is the number of roots 
of Z=0 inside y, multiple roots being counted multiply. 


There is another proof, proceeding on different lines, which is often given. 
It depends, however, on an extension to functions of two or more variables of 
the results of §$§ 102 e¢ seg. 


We define, precisely on the lines of § 102, the upper and lower bounds of a 
function f(x, y), for all pairs of values of x and y corresponding to any point 
of any region in the plane of (x, y) bounded by a closed curve. And we 
can prove, much as in § 102, that a continuous function f (2, y) attains its. 
upper and lower bounds in any such region. 


Now |Z|=|P(w+ry)| 


is a positive and continuous function of # and y. If m is its lower bound for 
points on and inside y, then there must be a point z) for which | Z|=m, and 
this must be the least value assumed by |Z|. If m=0, then P (%)=0, and 
we have proved what we want. We may therefore suppose that m>0. 


The point z must lie either inside or on the boundary of y: but if y is. 
a circle whose centre is the origin, and whose radius # is large enough, then 
the last hypothesis is untenable, since |P(z)|->~0 as [z|~>«. We may 
therefore suppose that 2 lies inside y. 
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If we put z=2)+¢, and rearrange P(z) according to powers of ¢, we obtain 
P(Aj)=P)+Ar C+ Asr+..tAnd” 
say. Let A, be the first of the coefficients which does not vanish, and let 
| A,|=y, |¢|=p. We can choose p so small that 
Aeeile+| Ap.o| ph... [Ay] pp" Bag p. 
Then | P (2) —P (zo) - Axc*l <dypt, 
and | P (2) |<| P (20) + An*| +4 pp". 
- Now suppose that z moves round the circle whose centre is z and radius p. 


Then 
P (a) + Ay¢* 

moves & times round the circle whose centre is P (zp) and radius | A, ¢*|=pp*, 
and passes & times through the point in which this circle is intersected by 
the line joining P (zp) to the origin. Hence there are & points on the circle 
described by z at which | P (z))+Az¢*|=| P (z)|—pp* and so 

[P @I<IP (2) 1- pp*§ +3 pp *=m—hypt<m; 
and this contradicts the hypothesis that m is the lower bound of | P(z)|. 

It follows that m must be zero and that P (z))=0. 


EXAMPLES ON APPENDIX I 


1. Show that the number of roots of f(z)=0 which lie within a closed 
contour which does not pass through any root is equal to the increment of 


tlog f(z)}/2mr¢ 


when z describes the contour. 


2. Show that if 2 is any number such that 
| a | | a2 | | An | 
ie Toye he + Rn <1, 
then all the roots of 2*4+a,2°-!+...4a,=0 are in absolute value less than 


hk. In particular show that all the roots of z26-13z—7=0 are in absolute 
value less than 2). 


3. Determine the numbers of the roots of the equation 22°+az+b=0 
where a and 6 are real and p odd, which have their real parts positive and 
negative. Show that if a>0, b5>0 then the numbers are p—1 and p+]; if 
a<0, b6>0 they are p+1 and p—1; and if b<0 they are pand p. Discuss 
the particular cases in which a=0 or b=0. Verify the results when p=1. 


[Trace the variation of am (z*?+az+b) as z describes the contour formed 
by a large semicircle whose centre is the origin and whose radius is FR, and 
the part of the imaginary axis intercepted by the semicircle. ] 

4. Consider similarly the equations 


+az+b=0, “t14a24+b=0, ct+l4+az24+b=0. 
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5. Show that if a and 8 are real then the numbers of the roots of the 
equation 22%+4a?22"-146?=0 which have their real parts positive and 
negative are n—1 and n+1, or 2 and 2, according as 7 is odd or even. 

(Math. Trip. 1891.) 


6. Show that when z moves along the straight line joining the points 
2=2,, 2=2, from a point near z, to a point near 22, the increment of 


am bake I 
a= ay Pind Ch 


7. A contour enclosing the three points z=z,, z=2), z=23 is defined by 
parts of the sides of the triangle formed by 21, 22, 73, and the parts exterior 
to the triangle of three small circles with their centres at those points. 
Show that when z describes the contour the increment of 


( iL 1 il ) 
am + ae 
ay g— ky Z— &3 


8. Prove that a closed oval path which surrounds all the roots of a cubic 
equation f (z)=0 also surrounds those of the derived equation f’ (z)=0. [Use 
the equation 


is nearly equal to 7. 


is equal to —2z. 


f @=f0 (A= +325 +525) 


z 2—-fg 2-—%3 : 
where 2, 22, 23 are the roots of f(z)=0, and the result of Ex. 7.] 
9. Show that the roots of 7’ (z)=0 are the foci of the ellipse which touches 


the sides of the triangle (2, 22, 23) at their middle points. [For a proof see 
Cesiro’s Elementares Lehrbuch der algebraischen Analysis, p. 352.] 


10, Extend the result of Ex. 8 to equations of any degree. 


11. If f(z) and $(z) are two polynomials in z, and y is a contour which 
does not pass through any root of f(z), and | (z)|<|/(2)| at all points on y, 
then the numbers of the roots of the equations * 

FQ=0, f@+¢@)=0 
which lie inside y are the same. 

12. Show that the equations 

e=az, e&=az, e=az', 


where a>e, have respectively (i) one positive root (ii) one positive and one 
negative root and (iii) one positive and two complex roots within the circle 
|z|=1. (Math. Trip. 1910.) 


APPENDIX II 
(To CHaprers IX, X) 


A Note on Double Limit Problems 


In the course of Chapters IX and X we came on several occasions into 
contact with problems of a kind which invariably puzzle beginners and 
are indeed, when treated in their most general forms, problems of great 
difficulty and of the utmost interest and importance in higher mathematics. 


Let us consider some special instances. In § 213 we proved that 
log (1+.x) =x — $2? +}a3-..., 
where —1<x#3l, by integrating the equation 
1l+A=1-t+?-... 


between the limits 0 and z. What we proved amounted to this, that 


dt : % 
Eat ae ae at— [aa | dt—...3 
ees i, 0 is o- 


or in other words that the integral of the sum of the infinite series 1—t+i?-..., 
taken between the limits 0 and x, ts equal to the sum of the integrals of tts 
terms taken between the same limits. Another way of expressing this fact is to 
say that the operations of summation from 0 to «, and of integration from 
0 to x, are commutative when applied to the function (—1)"?", ze. that it does 
not matter in what order they are performed on the function. 


Again, in § 216, we proved that the differential coefficient of the ex- 
ponential function 


x 
expz=1 tetat see 
is itself equal to exp w, or that 


v2 a2 
Dp (1 4045 te.)=De 14+Dy04+ Dye, +0005 
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that is to say that the differential coefficient of the sum of the series is equal 
to the sum of the differential coefficients of its terms, or that the operations of 
summation from 0 to o and of differentiation with respect to x are commu- 
tative when applied to #"/n!, 


Finally we proved incidentally in the same section that the function 
exp # is a continuous function of x, or in other words that 


: a & : : ae 
lim (1 fot siten) a1+E+§ + ...clim 1+lim a+lim moors 
at 2! 2! ast art ome 2! 

z.e, that the limit of the sum of the series is equal to the sum of the limits of 
the terms, or that the sum of the series is continuous for =, or that the 
operations of summation from 0 to o and of making w tend to & are com- 
mutative when applied to z"/n!. 


In each of these cases we gave a special proof of the correctness of the 
result. We have not proved, and in this volume shall not prove, any general 
theorem from which the truth of any one of them could be inferred im- 
mediately. In Ex. Xxxvii. 1 we saw that the sum of a finite number of con- * 
tinuous terms is itself continuous, and in § 113 that the differential coefficient 
of the sum of a finite number of terms is equal to the sum of their differential 
coefficients ; and in § 160 we stated the corresponding theorem for integrals. 
Thus we have proved that in certain circumstances the operations symbolised 
by 

Hines, Wie cy fee 

ws 
are commutative with respect to the operation of summation of a finite number 
of terms. And it is natural to suppose that, in certain circumstances which 
it should be possible to define precisely, they should be commutative also with 
respect to the operation of summation of an infinite number. It is natural to 
suppose so: but that is all that we have a right to say at present. 


A few further instances of commutative and non-commutative operations 
may help to elucidate these points, 


(1) Multiplication by 2 and multiplication by 3 are always commutative, 


for 
2x%x3xv=3x2xer 


for all values of x. 
(2) The operation of taking the real part of z is never commutative with 
that of multiplication by 7, except when z=0; for 
| xR(et+wy)=i7, Rix(e+wy)}=-y. 
(8) The operations of proceeding to the limit zero with each of two 


variables 2 and y may or may not be commutative when applied to a 
function f(z, y). Thus 


lim {lim (v+y)}=lim #=0, lim {lim(v+y)}}=limy=0; 
z>0 y>0 x0) y>0 z—>0 y->0 
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but on the other hand 


= limd=1, 
x>0 x>0 


lies (iim so!) bes 
r>0 \y>o CTY 


lina (tim ==!) ee im (=i) 1. 
y>0 \a>0 CFY y>o y>0 


(4) The operations Bid lim... may or may not be commutative. Thus 
1 xr—>l 


if c>1 through values less than 1 then 


. (2(—1) 
lim ; 3 *—— 2+ =lim log (1+.2)=log 2, 
n el 


er1i1 
3 | tim‘ aol ae ==log'2 ; 
1 last % 1 % 


but on the other hand 


lim {3 (an ant) Tim {(1—#) +(x —2?)+...}=lim1=1, 
—>1 x1 


e111 45 


3 {tim (aman S116 oto =o. 
i \e-1 1 

The preceding examples suggest that there are three possibilities with 
respect to the commutation of two given operations, viz.: (1) the operations 
may always be commutative ; (2) they may never be commutative, except in 
very special circumstances; (3) they may be commutative tn most of the ordinary 
cases which occur practically. 


The really important case (as is suggested by the instances which we 
gave from Ch. IX) is that in which each operation is one which involves 
a passage to the limit, such as a differentiation or the summation of an 
infinite series: such operations are called limit operations. The general 
question as to the circumstances in which two given limit operations are 
commutative is one of the most important in all mathematics. But to 
attempt to deal with questions of this character by means of general theorems 
would carry us far beyond the scope of this volume. 


We may however remark that the answer to the general question is on 
the lines suggested by the examples above. If Z and Z’ are two limit 
operations then the numbers LL’z and L’ZLz are not generally equal, in the 
strict theoretical sense of the word ‘general’, We can always, by the exercise 
of a little ingenuity, find z so that ZZ’z and-L’Zz shall differ from one another. 
But they are equal generally, if we use the word in a more practical sense, 
viz. aS meaning ‘in a great majority of such cases as are likely to occur 
naturally’ or in ordinary cases. 
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Of course, in an exact science like pure mathematics, we cannot be satisfied 
with an answer of this kind ; and in the higher branches of mathematics the 
detailed investigation of these questions is an absolute necessity. But for 
the present the reader may be content if he realises the point of the remarks 
which we have just made. In practice, a result obtained by assuming that 
two limit-operations are commutative is probably true: it at any rate aftords 
a valuable suggestion as to the answer to the problem under consideration. 
But an answer thus obtained must, in default of a further study of the general 
question or a special investigation of the particular problem, such as we gave 
in the instances which occurred in Ch, IX, be regarded as suggested only and 
not proved. 


Detailed investigations of a large number of important double limit 
problems will be found in Bromwich’s Infinite Series. 
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‘(To § 158 anp CuHapTerR IX) 


The circular functions 


THE reader will find it an instructive exercise to work out the theory of 
the circular functions, starting from the definition 
* dt 
Jol+e2 
The equation (1) defines a unique value of y corresponding to every real 
value of w. As y is continuous and strictly increasing, there is an inverse 
function «=w (y), also continuous and steadily increasing. We write 
(2) c= x (y)=tan y. Df. 
If we define w by the equation 


(1) y=y (#)=arc tan c= DE 


> @ ; 
(3) $r= > Tee? Df. 
then this function is defined for -$7 <<y<4n. 
We write further 
(4) ge sin y= a. 
V1+a2 V14+22 
where the square root is positive; and we define cos y and sin y, when y is —$7 
or $7, so that the functions shall remain continuous for those values of y. 
Finally we define cos y and sin y, outside the interval (—42, $7), by 


(5) tan(y+m)=tany, cos (y+m)=—cosy, sin(y+m)=—siny. Df. 
We have thus defined cos y and siny for all values of y, and tan y for all 


values of y other than odd multiples of 4. The cosine and sine are continuous 
for all values of y, the tangent except at the points where its definition fails. 


Df. 


The further development of the theory depends merely on the addition 
formulae. Write 
_ Mate, 


a 
1 — 2X? 


and transform the equation (1) by the substitution 


We find 


Ly +X, | we =au e, du % du 


arc tan = —— = as 
1—222 -2,1+u? o l+u? 9 l+u? 


=are tan 71+ are tan £2. 


* These letters at the end of a line indicate that the formulae which it contains 
are Gefinitions. . 
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From this we deduce 


(6) tan (yi +Y2)= 


an equation proved in the first instance only when y;, yz, and y, +42 lie in 
(—37, $7), but immediately extensible to all values of y, and y, by means of 
the equations (5). 


From (4) and (6) we deduce 


COS (¥; +42) = £(COS ¥, COS Yo —SiNn Y, Sin Y). 
To determine the sign put y,=0. The equation reduces to cos y= +008 y, 
which shows that the positive sign must be chosen for at least one value of yo, 
Viz. yg=0. It follows from considerations of continuity that the positive sign 
must be chosen in all cases. The corresponding formula for sin (y,+y2) may 
be deduced in a similar manner. 


tan ¥, + tan 
1—tan y, tan y” 


The formulae for differentiation of the circular functions may now be de- 
duced in the ordinary way, and the power series derived from Taylor’s 
Theorem. 


An alternative theory of the circular functions is based on the theory of 
infinite series, An account of this theory, in which, for example, cosw is 
defined by the equation 
a2 ot 
51 Uy qa 
will be found in Whittaker and Watson’s Modern Analysis (Appendix A). 


cos v=]1=— 
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The infinite in analysis and geometry 


Some, though not all, systems of analytical geometry contain ‘infinite’ 
elements, the line at infinity, the circular points at infinity, and soon, The 
object of this brief note is to point out that these concepts are in no way 
dependent upon the analytical doctrine of limits. 


In what may be called ‘common Cartesian geometry’, a point is a pair of 
real numbers (a, y). A line is the class of points which satisfy a linear relation 
a.c + by + c=0, in which a and bare not both zero. There are no infinite elements, 
and two lines may have no point in common. 


In a system of real homogeneous geometry a point is @ class of triads of 
real numbers (x, y, 2), not all zero, triads being classed together when their 
constituents are proportional. A line is a class of points which satisfy a linear 
relation ax+by+cz=0, where a, b,c are not all zero. In some systems one 
point or line is on exactly the same footing as another. In others certain 
‘special’ points and lines are regarded as peculiarly distinguished, and it is on 
the relations of other elements to these special elements that emphasis is laid. 
Thus, in what may be called ‘real homogeneous Cartesian geometry ’, those 
points are special for which z=0, and there is one special line, viz. the line 
z=0. This special line is called ‘the line at infinity’. » 

This is not a treatise on geometry, and there is no occasion to develop the 
matter in detail. The point of importance is this, The infinite of analysis 
is a ‘limiting’ and not an ‘actual’ infinite. The symbol ‘«’ has, throughout 
this book, been regarded as an ‘incomplete symbol’, a symbol to which no 
independent meaning has been attached, though one has been attached to 
certain phrases containing it. But the infinite of geometry is an actual and 
not a limiting infinite: The ‘line at infinity’ is a line in precisely the same 
sense in which other lines are lines, 

It is possible to set up a correlation between ‘homogeneous’ and ‘common’ 
Cartesian geometry in which all elements of the first system, the special 
elements excepted, have correlates in the second. The line az+by+cz=0, for 
example, corresponds to the line awz+by+c=0. Every point of the first line 
has a correlate on the second, except one, viz. the point for which z=0. 
When (., y, z) varies on the first line, in such a manner as to tend in the limit 
to the special point for which z=0, the corresponding point on the second line 
varies so that its distance from the origin tends to infinity. This correlation 
is historically important, for it is from it that the vocabulary of the subject 
has been derived, and it is often useful for purposes of illustration. It is how- 
ever no more than an illustration, and no rational account of the geometrical 
infinite can be based upon it. The confusion about these matters so prevalent 
among students arises from the fact that, in the commonly used text books of 
analytical geometry, the illustration is taken for the reality. 
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